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This  technical  report  describes  the  results  of  a  12  month  program  to 
design,  build,  and  teat  a  fiber  optic  viewing  device  (fiberscope)  on  a 
high  pressure  gas  turbine  combustor  rig.  High  speed  motion  picture  photog¬ 
raphy  along  with  video  taplngs  were  made  of  the  combustor  flame  with  the 
fiberscope.  With  the  high  speed  photography  the  turbulent  flame  motion 
could  he  followed  in  some  detail.  Visible  wavelength  spectra  were 
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taken  of  che  fleae  eaisslon  through  the  fiberscope  end  enelyeie  indicates 
that  a  aeen  fleas  taaperature  can  be  aeesured.  The  fluctuation  frequency 
spectrua  of  the  flaae  was  also  observed  with  a  fast  fourier  transform 
analyzer,  and  the  possibility  of  coupling  with  acoustic  resonances  was 
Indicated.  In  addition,  the  fuel  spray  was  illuainated  with  laser  light 
froa  the  fiberscope  probe  and  contour  plots  were  aade  of  a  sequence  of 
fraaee  froa  the  aovie  file. 

The  coabustor  viewing  probe  aay  be  used  as  an  laportant  aid  in  future 
coabuation  design  and  to  help  deteraine  causes  of  various  failure  aodes  of 
coabustor  liners. 
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FOREWORD 


This  technical  report  summarizes  the  results  of  a  twelve  month  program 
,  to  investigate  the  use  of  optical  fibers  for  viewing  the  combustion  process 

in  an  operating  gas  turbine  combustor.  The  program  was  supported  by  the 
Department  of  the  Navy,  Naval  Air  Systems  Command  under  contract  number 
N00019-80-C-0331 .  The  report  was  prepared  by  the  Applied  Physics  Laboratory 
at  the  United  Technologies  Research  Center  (DTRC),  East  Hartford,  Connecticut, 
i  Dr.  William  W.  Morey  was  the  Principal  Investigator  for  the  program. 

Engineering  design  assistance  was  provide  by  R.  F.  Dondero.  Helpful  engineer¬ 
ing  advise  and  operat ion  of  the  combustor  was  provided  by  .1.  B.  Kennedy. 
Technical  Assistance  for  the  program  was  provided  by  A.  L.  Wilson, 

D.  N.  Dastous,  D.  Terza,  R.  E.  LaBarre  and  several  others  who  helped  make 
t  the  program  sucessful.  Helpful  discussions  on  several  technical  aspects  of 

tiie  program  were  given  by  W.  H.  Glenn,  J.  R.  Dunphy,  and  E.  Snitzer. 

The  inclusive  dates  of  research  on  this  program  were  14  May  1980  to 
14  Mav  1981.  The  final  report  was  submitted  by  the  author  in  .July  1981. 
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1-  INTRODUCTION  AND  SUMMARY 

1.1  Background .  For  several  years  now,  optical  viewing  systems  have 
been  used  in  aircraft  engine  and  engine  test  rigs.  Viewing  systems  have 
been  developed  for  monitoring  blade  tip  clearances,  knife  edge  seal  positions, 
and  turbine  vane  clearances  and  for  inspection  of  blade  and  vane  damage  on 
engines  when  they  are  not  in  operation  (Refs.  1,  2).  Also,  optical  pyrometers 
have  been  developed  and  used  to  measure  turbine  blade  temperatures  (Ref.  3). 
The  idea  of  using  coherent  fiber  optic  viewing  devices,  or  fiberscopes,  to 
view  the  inside  of  operating  gas  turbine  combustors  was  suggested  over  two 
years  ago  in  response  to  several  existing  problems  with  the  durability  of 
combustor  liners  and  turbine  vanes.  With  new  advances  in  engine  design 
requiring  efficient  combustion  and  operation  at  higher  temperatures,  combustor 
design  and  durability  become  even  more  critical.  All  aspects  of  combustor 
design  are  not  fully  understood;  and  the  viewing  probe  can  prove  useful  in 
helping  to  understand  their  operation  and  failure  modes. 

Both  the  hostile  environment  and  limited  access  of  a  gas  turbine 
combustor  make  it  difficult  to  determine  and  analyze  characteristics  of 
combustion  "in  situ",  during  full  scale  engine  operation.  Being  able  to 
visualize  and  measure  the  characteristics  of  flame  dynamics  including  loca¬ 
tion  and  motion  of  the  flame  and  the  occurrence  of  hot  streaks  at  the  turbine 
inlet  along  with  flame  color  temperature  measurements  would  be  an  important 
aid  for  future  advanced  combustor  designs.  Observations  on  flame  motion  and 
turbulence  may  be  related  to  the  efficiency  of  mixing  fuel  and  air.  An 
improper  mixing,  for  instance,  could  lead  to  a  fuel  rich  region  that  creates 
an  extended  burning  zone  traveling  down  the  combustor  and  into  the  turbine 
inlet.  Such  occurrences  cause  overheating  and  damage  to  the  turbine  vanes. 

A  viewing  probe  can  also  observe  if  and  under  what  engine  operating  conditions 
the  luminous  flame  impinges  either  continuously  or  intermittently  on  the 
liner  wall.  Such  a  flame  pattern  creates  localized  high  metal  temperatures 
that  lead  to  liner  crack  formation,  buckling,  and  burn-through.  Figure  1.1 
shows  an  example  of  a  damaged  liner  wall.  The  flame  was  probably  striking 
the  surface  at  the  damaged  sites.  Ignition  and  burning  in  recirculation 
zones  that  may  affect  flame  dynamics  can  also  be  observed  with  the  fiber- 
scope.  It  may  also  be  possible  that  a  component  of  the  flame  motion  could 
be  coupled  to  acoustic  resonances  in  the  combustor  as  discussed  by  Gaydon 
(Ref.  4,  Ch.  7).  The  occurrence  of  such  resonances  may  misdirect  flame 
patterns  and  couple  acoustically  to  other  engine  components. 

Besides  flame  dynamics  and  temperature,  another  important  use  of  a 
viewing  probe  would  be  to  observe  and  inspect  the  inside  or  outside  surface 
of  the  combustor  liner  for  overheating,  fatigue  cracking,  and  formation  of 
hard  carbon  deposits.  The  probe  could  tell  when  and  under  what  conditions 
these  problems  occur  and  follow  the  course  of  their  development,  during 
engine  operation.  The  surface  inspection  would  require  proper  illumination 
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either  from  an  external  source  or  from  the  flame  luminosity.  Examination 
of  other  components  in  the  combustor  such  as  fuel  nozzles,  flame  holders, 
and  spray  patterns  may  also  be  achieved  with  proper  probe  placement, 
articulation,  and  illumination.  An  external  illumination  source  could  be 
provided  with  a  laser  and  a  single  fiber  or  with  an  arc  lamp  and  a  bundle 
of  fibers  used  in  conjunction  with  the  viewing  probe. 

1.2  Program  Objectives.  The  objective  of  this  program  was  to  design, 
construct,  and  integrate  a  fiber  optic  viewing  probe  (or  fiberscope)  onto  a 
high  pressure  gas  turbine  combustor  rig.  Visual  images  of  the  flame  from 
inside  the  combustor  were  to  be  taken  and  several  diagnostic  and  image 
analysis  techniques  were  to  be  examined  that  used  the  combustor  image  from 
the  fiberscope.  A  laser  illuminating  fiber  was  also  included  in  the  probe. 
The  results  of  the  program  are  to  be  used  for  the  future  design  and  employ¬ 
ment  of  a  viewing  system  on  an  operating  gas  turbine  engine,  and  to  learn 
what  types  of  practical  diagnostic!  measurements  can  be  made  from  a  viewing 
probe  and  illuminator  system. 

1.3  Program  Summary.  The  viewing  probe  was  run  successfully  with  the 
accumulation  of  several  hours  of  operation  on  a  high  pressure  combustor  rig. 
The  probe  and  illuminator  were  placed  on  the  combustor  to  view  downstream 
into  the  combustion  zone  from  a  position  between  fuel  nozzles.  This  was  the 
coolest  place  to  put  the  viewing  probe  since  it  is  primarily  exposed  to  the 
combustor  inlet  temperatures.  Thermocouple  measurements  indicated  that  the 
probe  was  more  than  adequately  cooled  with  a  steady  flow  of  nitrogen  gas. 

Part  of  the  nitrogen  flow  was  directed  onto  the  viewing  lens  surface  at  the 
probe  tip  to  keep  it  free  of  sooting  deposites  which  are  quite  dense  on  that 
part  of  the  combustor  liner  where  the  probe  tip  was  exposed. 

Before  operation  on  the  combustor,  the  fiberscope  was  tested  for 
durability  and  optical  alignment  on  a  small  test  cell.  In  the  test  cell 
the  fiberscope  was  subjected  to  temperatures  and  pressures  expected  in  the 
combustor  rig  and  vibrated  over  a  wide  range  of  frequencies.  The  optical 
system  was  also  characterized  for  resolution,  f ield-of-view,  wavelength 
transmission  and  angular  response. 

Several  different  recordings  and  measurements  were  made  from  che 
combustor  view  including  35  mm  photographs,  high  speed  motion  pictures,  video 
tape,  wavelength  spectra,  flame  turbulence  spectra,  and  laser  illumination. 
Using  a  wide  range  of  exposures,  35  mm  color  photographs  were  taken  of  the 
combustor  view  along  with  red,  green,  and  blue  filters.  The  fastest  shutter 
speeds  of  1/2000  sec  gave  adequate  exposures  with  the  400  ASA  film  pushed 
one  stop  in  development.  The  slower  shutter  speeds  gave  a  time  averaging 
to  the  flame  and  removed  the  flame  structure  that  was  visible  in  the  fast 
exposures . 
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•  UK)  !e«.-t  ol  rolor  motion  pictures  were  also  taken  I  rom  the  combustor 
view.  framing  rates  1  rom  100  to  '>000  irames/sec  were  used  with  l.ocam  and 
Hi*,  am  cameras.  I  he  I  lame  motion  was  reduced  in  speed  bv  over  200  times  at 
toe  >uo0  irame/sec  rate.  A  series  ol  12  frames  from  the  movie  was  digitized 
and  contour  plots  made.  In  the  progression  ol  lrames,  the  flame  1 rom  the 
upper  nozzle  can  he  seen  to  break  in  two  pieces  and  move  out  of  the  combustor. 

Ihe  framing  rate  ol  a  video  i amera  is  only  li  irames  per  second  with  two 
interlacing  scans  during  each  trame.  As  a  consequence,  the  video  pictures 
.  e>  1 1 1  v  1  not  loll ow  l  1  ami  motion  or  see  l 1 ame  structure  as  was  done  with  the 
siiort  exposure  photographs  or  high  speed  I  miring  pictures.  In  addition,  t  lie 
coni rast  ini  the  video  pictures  was  poor  showing  only  the  illumination  from 
t he  hot  zones  in  front  of  the  luel  nozzles.  Ihe  flame  illumination  was 
tillered  with  a  near  i r  filter  for  the  video  taping. 

Ihe  iipti.al  signal  !  rom  the  combustor  at  visible  wavelengths  is  almost 
v  u  t  itil\  iron  emission  ol  tin-  luminous  soot  particles  generated  in  a  combus- 
i  my  o  i  1  I  1  ame  .  Wavelength  spectra  ol  this  emission  wa  taken  with  a 
m  aim  i  n.;  monochromator  and  a  rap  i  if  scanning  optical  multichannel  analyzer 
<  >  >M.\  >  oil  tin-  ii>L\  svstem  the  spectra  ot  the  combustor  was  stored  on  a 
diskette  along  with  spiitta  1 rom  a  standard  lamp  at  several  different  lamp 
odor  temperatures.  Ihe  two  sits  ot  spectra  could  be  compared  and  a  mean 
color  temperature  interred. 

I  s  mg  a  single  i  i  In  r  to  receive  the  light  signal  from  a  small  group 
o!  pixels  at  the  output  i-il’  o !  the  fiberscope,  we  could  detect  a  llame 
motion  or  flicker  frequence  due  to  turbulence  in  the  combustor.  The  light 
signal  I rom  the  single  liber  was  detected  and  sent  to  a  fast  Fourier 
transform  Analyzer  for  a  presentation  of  the  frequency  spectra.  A  peak  in 
the  spectra  occurred  at  about  270  Hz  that  mav  be  related  to  an  acoustic 
resonance  in  the  combustor.  This  represents  a  new  technique  that  could  be 
used  to  analyze  the  acoustics  ot  combustors  during  operation.  The  resonances 
aie  driven  bv  the  turbulent  gas  or  blade  passing  frequencies  and  could  be 
deleter  i  on  s  to  engine  performance  or  durability. 

A  single  optical  fiber  that  carried  argon  laser  light  was  also  placed 
in  tin  lilurscope  probe.  Ihe  fiber  terminated  at  the  viewing  lens  and 
sprayed  laser  light  into  the  combustor.  The  backward  scattering  of  the 
laser  light  from  the  fuel  spray  was  observed  and  the  laser  beam  could  be 
seen  disappearing  into  the  combustion  zone  a' ter  ignition  of  the  fuel. 

Ibis  technique  can  provide  a  small  hut  very  intense  source  of  coherent 
light  lor  illumination  and  possible  future  combustion  diagnostic  use. 

In  the  following  four  sections  we  will  discuss  the  program  in  more  detail 
1  hi  considerations  that  went  into  the  optical  and  mechanical  design  of  the 
viewing  probe  will  he  discussed  first  and  then  a  description  of  the  bench 
tests  and  their  results  will  be  given.  A  description  of  the  high  pressure 
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burner  rig  and  the  operation  of  the  probe  on  the  rig  will  follow  next.  An 
analysis  of  the  spectral  data  taken  during  the  combustor  test  will  then  be 
made;  and  the  last  section  will  present  the  conclusions  of  the  program  and 
discuss  important  aspects  for  future  work. 
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2.  FIBERSCOPE  DESIGN 

2 . 1  Optical  Design . 

2.1.1  Fiber  Optics  Imaging  System.  There  are  two  types  of  fiber  optic 
image  transferring,  devices.  One  type  is  a  rigid  rod  or  conduit  composed  of 
tens  of  thousands  of  glass  fibers  fused  together.  The  second  t vpe  uses  sepa¬ 
rate  and  unfused  fibers  of  larger  diameter  forming  a  flexible  cable.  In  both 
cases  the  fibers  are  arranged  coherently;  that  is,  the  location  of  one  liber 
relative  to  another  is  maintained  from  one  end  of  the  cable  or  rod  to  the 
other.  An  object  imaged  on  the  end  of  the  coherent  fibers  will  emerge  from 
the  opposite  end  of  the  cable  or  conduit  unscrambled. 

The  combustor  fiberscope  probe  was  designed  with  a  rigid  image  conduit  to 
transfer  the  image  of  the  combustor  flame  to  a  position  outside  the  burner  rig. 
The  image  is  then  transferred  with  a  lens  to  a  9  tt  long  flexible  coherent 
bundle  of  optical  fibers  that  transmits  the  image  to  a  location  outside  the 
wall  of  the  burner  stand  and  into  an  adjoining  trailer.  The  combustor  image 
can  then  be  safely  viewed  or  analyzed  with  various  optical  instruments  during 
combustor  operation.  Figure  2.1  shows  a  schematic  of  the  optical  svstem  tor 
ttie  fiberscope  and  laser  illuminator.  The  image  conduit  used  tor  the  probe  is 
20  cm  long  and  only  3  mm  in  diameter,  but  contains  81 ,b00  individual  libers, 
or  1/3  the  number  of  picture  elements  of  a  television  camera.  The  operating 
temperature  limit  of  the  conduit  is  that  of  the  glass  used  in  the  tibers  and 
is  about  1 000 ° F  (540°f). 

An  image  conduit  was  used  in  the  combustor  because  of  the  higher  opera¬ 
ting  temperature  and  smaller  diameter  for  equivalent  resolution  obtainable 
with  the  conduit  over  a  flexible  bundle.  The  flexible  bundles  are  bound  to¬ 
gether  at  each  end  with  an  epoxv  compound.  The  resolution  o!  the  fiber  bun¬ 
dles  are  in  general  not  as  good  as  the  best  obtainable  resolution  from  an  image 
conduit,  and  the  operating  temperature  of  the  flexible  bundles  is  restricted 
by  the  bonding  epoxy.  In  addition,  the  flexible  bundles  must  be  well  protected 
with  a  surrounding  cover  and  be  lubricated  in  some  fashion  to  avoid  fiber 
breakage.  As  a  consequence,  a  flexible  bundle  for  the  combustor  probe  would 
require  a  larger  probe  diameter  for  the  same  resolution  and  more  cooling  air 
ns  compared  to  an  image  conduit.  A  flexible  image  bundle  can  carry  an  image 
over  a  much  greater  distance,  however,  without  image  degradation  and,  of 
course,  is  immune  to  vibration  and  thermal  expansion  problems  by  being  flexible. 
A  long  flexible  image  bundle  was  therefore  used  to  transfer  the  combustor  image 
to  a  safe  location  away  from  the  burner  rig. 

2.1.2  Viewing  bens.  The  viewing  lens,  used  at  the  end  of  the  probe  to 
image  the  luminous  burner  flame  onto  the  end  of  the  fiber  conduit,  was  de¬ 
signed  using  an  OSLO  II  computer  program.  The  OSLO  program  will  take  a  given 
lens  geometry  and  adjust  lens  parameters  such  as  curvature,  spacing  and  aper¬ 
ture  size  to  minimize  aberrations  and  field  curvature  in  the  image  plane.  We 
optimized  a  symmetric  doubtlet  lens  composed  of  two  identical  plano-convex 
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lenses  with  their  curved  sides  facing  each  other.  The  f ield-of-vlew  was  set 
for  90°.  Sapphire  with  its  high  refractive  index  produced  a  better  lens  design 
than  fused  quartz  and  was  chosen  for  the  lens  material.  Sapphire  also  has  the 
advantage  of  a  much  higher  operating  temperature  than  fused  quartz.  The  view¬ 
ing  lens  has  a  1.0  mm  diameter  aperture  placed  about  0.4  mm  In  front  of  the 
lens  and  an  effective  focal  length  of  1.79  mm.  The  diameter  of  the  lenses 
is  about  3.6  mm. 

A  ray  tracing  plot  from  which  the  sapphire  lens  doubt  let  was  designed  is 
shown  in  Fig.  2.2.  The  focusing  of  parallel  ray  bundles  at  0°  (on-axis),  27°, 
35°,  and  45°  are  shown.  At  45°  there  is  vignetting  of  the  extreme  rays  which 
reduces  the  transmitted  intensity.  For  angles  greater  than  45°,  which  corres¬ 
pond  to  f ield-of-views  (FOV)  greater  than  90°,  the  vignetting  would  be  severe 
and  limiting. 

A  magnified  view  of  the  intersection  of  the  rays  with  the  image  plane 
(which  is  also  the  face  of  the  image  conduit)  is  shown  in  Figs.  2.3  and  2.4. 

In  Fig.  2.3  the  rays  are  on-axis  and  form  a  blur  circle  of  20  pm  in  diameter. 

At  the  full  field  angle  shown  in  Fig.  2.4  the  blur  cir.le  increases  to  an 
average  diameter  of  75  pm. 

From  the  ray  tracing  results  we  determined  the  effect  ot  the  lens  aper¬ 
ture  size  on  the  image  plane  blur  diameter  for  three  different  viewing  angles. 
The  results  are  plotted  in  Fig.  2.5  along  with  a  broken  curve  showing  the  blur 

circle  from  diffraction  only  at  the  aperture.  From  the  plot  (Fig.  2.5)  we 

see  that  aperture  sizes  less  than  0.4  mm  would  he  required  to  make  the  system 

diffraction  limited  for  on-axis  rays.  For  our  design  we  have  to  trade-oil 

light  gathering  efficiency,  which  goes  with  large  apertures,  against  image 
quality  for  small  apertures.  The  resolution  distance  at  the  image  conduit 
face,  however,  which  is  limited  to  about  twice  the  separation  ol  libers,  is 
20  pm.  Using  the  plot  in  Fig.  2.5,  an  aperature  of  1  mm  was  chosen  as  t he 
best  compromise  between  resolution  and  largest  aperature  lor  light  gathering 
power.  With  a  1  mm  aperature  the  viewing  system  has  an  f -number  cl  1.8. 

2.1.3  Image  Transfer.  A  symmetric  doubt  let  lens  with  a  local  length  ol 
10.0  mm  was  used  to  transfer  the  image  from  the  output  end  ol  tire  Image  con¬ 
duit  to  the  input  end  of  the  American  Optical  9  ft  long  flexible  image  bundle 
(cf.  Fig.  2.1).  A  between  the  lens  aperature  of  2  mm  was  required  to  reduce 
image  distortion  from  lens  aberrations.  With  the  symmetric  lens  .and  aperture 
we  could  transfer  the  image  with  no  noticeable  distortion;  alt  hough ,  there 
was  a  reduction  In  the  image  intensity  by  a  factor  ot  5  with  the  reduced 
aperture.  The  transfer  lens  is  positioned  to  give  a  magni I icat ion  ol  1.25. 

This  magnification  will  match  the  3.2  mm  image  size  or  the  conduit  ot  the  4.0 
mm  cross  section  of  the  flexible  fiber  bundle. 

The  2  mm  aperture  increased  the  fiberscope  t -number  t o  about  10  with  a 
corresponding  decrease  in  light  gathering  etiiciencv.  One  can  transfer  the 
image  efficiently  from  the  conduit  to  the  fiber  bundle  bv  placing  I  be  ends  ol 
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the  conduit  and  fiber  bundle  in  contact  (butt  couple).  Using  the  transfer 
lens  in  place  of  butt  coupling  removes  any  change  of  chaffing  between  fiber 
ends  and  forms  a  convenient  pressure  seal  between  the  conduit  housing  and  the 
outside  world.  In  order  to  take  moving  pictures  at  5000  frames/sec,  however, 
more  light  intensity  was  needed  and  the  fiberscope  was  modified  to  permit  butt 
coupling  of  the  conduit  and  fiber  bundle.  A  carefully  built  pressure  seal  was 
needed  around  the  image  conduit  at  the  output  coupling  end.  This  will  be 
discussed  later. 

2.1.4  Illuminating  Fibers.  Two  single  fibers  were  used  to  illuminate 
the  viewing  region  with  laser  light  as  illustrated  in  Fig.  2.1.  The  fibers 
were  .125  mm  and  .250  mm  in  diameter  and  were  carried  down  the  viewing  probe 
along  side  the  image  conduit.  Since  and  entire  laser  beam  can  be  focused  into 
a  single  fiber,  we  can  transport  a  very  bright  source  of  coherent  illumination 
conveniently  inside  the  fiberscope  probe.  One  fiber  was  a  wide  angel  illumi¬ 
nator  to  view  the  combustion  chamber  and  spray  patterns;  and  the  second  fiber 
proivded  a  narrow  angle  illumination  for  backscattering  tests.  The  angle  of 
illumination  can  be  adjusted  by  proper  selection  of  fiber  type  and  end  pre¬ 
paration  of  the  fiber.  A  narrow  angle  illumination  can  be  achieved  with  a 
small  lens  such  as  a  graded  index  lens.  Space  did  not  permit  the  use  of  a 
second  lensing  system  for  the  narrow  beam  i 1 lumination,  however.  A  low 
numerical  aporature  (NA)  fiber  had  been  made  that  gave  an  illuminating  angle 
of  only  5.6°.  This  fiber  had  a  high  absorption  loss,  however,  and  could  only 
be  used  in  short  lengths  of  a  few  feet.  A  standard  low  NA,  low  loss  commu¬ 
nications  fiber  was  used  instead  that  gave  an  illuminating  angle  of  16°.  A 
wide  angle  fiber  could  be  made  by  producing  a  short  taper  on  the  end  of  a  high 
NA  fiber  or  by  placing  a  ground  surface  on  the  end  of  the  fiber.  Both  methods 
of  fiber  and  treatment  produced  illumination  angles  of  180°.  The  tapered  end 
fiber,  however,  was  subject  to  easy  breakage  and  was  not  used  in  the  fiber¬ 
scope. 


2 . 2  Probe  lies  ign . 


2.2.1  Probe  Cross  Section.  A  cross  section  of  the  viewing  probe  taken 
from  the  blueprint  is  shown  in  Fig.  2.6.  In  the  figure  the  probe  is  shown 
attached  to  the  burner  rig  wall  on  a  2-in  diameter  boss.  The  boss  has  a  1-in 
diameter  hole  that  will  .just  allow  the  probe  to  be  angled  through  for  inser¬ 
tion  in  the  rig.  In  order  to  fit  the  probe  between  fuel  lines  and  into  a  hole 
in  the  burner  can,  we  had  to  angle  it  8°  forward  from  the  center  line  of  the 
boss  as  shown  in  the  figure.  The  probe  piece  that  extends  into  the  burner 
rig  and  carries  the  image  conduit  is  made  from  two  halves  of  a  1/2-in  diameter 
stainless  steel  rod.  The  two  half  sections  were  ball  milled  as  illustrated 
in  the  figure  and  fastened  together  in  a  clamshell  fashion  at  five  positions 
with  0-80  screws.  An  enlarged  view  of  cross  section  D-D  where  the  half  sections 
are  attached  is  shown  in  Fig.  2.7.  The  3  mm  diameter  image  conduit  is  supported 
at  three  other  positions  with  spring  clips  as  shown  in  cross  section  C-C  of 
Fig.  2.7. 
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Construction  of  the  probe  in  two  halves  allow  us  the  flexibility  of  dis¬ 
assembly,  reassembly,  replacement  of  the  image  conduit,  and  adjustment  of  the 
mounting  forces  on  the  conduit.  Adjustment  of  the  conduit  mounts  is  impor¬ 
tant  to  allow  lor  differences  in  expansion  and  a  small  amount  of  bending. 

Being  able  to  assemble  the  probe  in  halves  also  permits  convenient  mounting 
of  the  illuminating  fibers  and  thermocouple  sensors  to  monitor  the  internal 
probe  temperature  at  different  positions. 

2.2.2  Lens  Mount.  The  3/8-inch  long  tip  end  section  of  the  probe  that 
protrudes  into  the  burner  can  is  not  a  half  shell  but  a  continuous  round  piece 
with  a  threaded  hole  to  receive  the  viewing  lens  in  its  holder.  An  enlarged 
view  of  the  probe  tip  is  shown  in  Fig.  2.8.  The  lens  mount  which  holds  the 
two  sapphire  lenses  is  threaded  into  the  end  piece  as  shown.  Proper  focus  of 
the  viewing  lens  is  made  by  turning  the  threaded  lens  mount  to  adjust  the 
lens — image  conduit  spacing.  A  series  of  ten  holes  1  mm  in  diameter  were 
drilled  around  the  viewing  lens  to  allow  the  cooling  gas  to  escape.  There  are 
also  two  smaller  holes,  shown  on  the  top  and  bottom  in  the  end  view  of  Fig. 
2.8,  with  a  . 34  mm  final  diameter  that  hold  the  ends  of  the  laser  illuminating 
f ibers . 

2.2.3  Probe  Mount  Piece.  The  mounting  piece  that  supports  the  probe 
extending  into  the  rig  with  three  set  screws  and  "0"  ring  seals  contains  the 
cooling  gas  inlet  and  a  small  mechanically  sealed  hole  for  the  illuminating 
fibers  and  thermocouple  wires.  An  Advanced  Products  high  temperature  metal 
"0"  ring  is  used  to  seal  the  probe  mounting  piece  at  the  boss  on  the  burner 
rig  pipe.  "0"  rings  elsewhere  in  the  mount  are  made  of  silicone  rubber.  The 
top  piece  that  attaches  to  che  probe  mount  (cf.  Fig.  2.6)  contains  the  trans¬ 
fer  lens  and  supports  the  end  section  of  the  9  ft  image  cable.  This  piece  is 
water  cooled  to  avoid  possible  damage  to  the  epoxied  end  of  the  fiber  bundle 
and  silicone  rubber  seals.  The  transfer  lens  with  gasket  forms  a  pressure 
seal  between  the  two  pieces.  The  lower  chamber  in  which  the  cooling  gas 
enters  is  maintained  10  to  20  psi  above  the  rig  pressure  ( 1 8 S  psi).  The 
upper  chamber  is  kept  at  atmospheric  pressure  with  a  small  bleed  hole. 

To  achieve  butt  coupling  of  the  conduit  to  the  fiber  bundle,  the  transfer 
lens  is  replaced  by  a  small  rod  holder  piece  and  a  longer  conduit  is  used  that 
extends  an  extra  1  1/2  inches  into  the  upper  mounting  piece.  The  conduit 
passes  through  the  rod  holder  that  makes  a  pressure  seal  to  the  conduit  in  a 
manner  similar  to  a  quick-disconnect  vacuum  connector.  A  tightening  nut 
presses  an  "0"  ring  in  a  special  "V"  groove  firmly  around  the  conduit  giving 
both  a  pressure  seal  and  mechanical  support. 

The  air  mass  flow  in  the  combustor  is  35  lbs/sec.  This  mass  flow  rate 
applies  about  a  2.6  pound  force  on  the  extended  portion  of  the  viewing  probe 
in  the  combustor.  Calculations  of  the  bending  of  a  cantilevered  rod  indicate 
that  the  probe  is  sufficiently  stiff  and  that  the  bending  due  to  air  flow 
should  be  no  more  than  a  couple  mils  at  the  viewing  lens  position. 
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2.2.4  Photographs  »>i  Probes.  A  photograph  .»!  the  sembled  fiberscope 
is  shown  in  Kip.  2.9.  The  probe  h.ts  .in  82°  bond  .it  the  end  to  view  downstream 
into  the  combustor  tan.  Cooling  .  i  i  r  enters  the  piobe  mount  in  the  3/8  inch 
diameter  tube  i>n  tile  right-hand  side,  makes  it  wav  down  the  length  of  the 
probe,  and  emerges  through  the  series  of  holes  that  can  be  seen  surrounding 
the  viewing  lens  aperture  at  the  probe  tip.  The  laser  illuminating  fibers 
inter  a  sealed  port  on  the  side  of  t h«  probe  mounting  piece  shown  in  Fig.  2.9 
and  emerge  at  two  verv  small  holes  near  the  cooling  holes.  The  9  ft  long 
!  lexihle  image  cable  can  be  seen  leaving  t  lie  top  ot  the  unit.  Figure  2.10 
shows  a  photograph  ot  the  fiber-. cope  disassembled  into  its  lour  major  compo¬ 
nents.  The  t  iber  conduit  and  its  three  small  clamps  can  he  seen  in  one  ol  the 
probe  halt  shells.  The  viewing  lens  holder  with  the  cooling  hole  ports  is 
threaded  into  the  end  o!  the  probe  to  allow  for  a  line  locus  adjustment.  The 
trnnsier  lens  can  he  on  at  the  bottom  ot  the  top  piece  in  the  photograph. 

This  piece  is  water  cooled  and  holds  the  l lexihle  imug<  conduit  that  is  inser¬ 
ted  in  a  hole  on  the  top  side. 

2.2.)  robe  Coo) ine  and  I'ur-ing.  In  the  combustor  rig  the  fiberscope 
probe  is  subjected  to  inlet  gas  temper.it  ut  i  s  that  range  up  to  18(I°C. ,  and 
tin'  viewing  end.  <  f  the  probe  that  I  m  is  the  combust  ion  /.one  will  receive  addi¬ 
tional  beat  loading  I rom  the  radiant  heat  ol  the  I  lane.  The  end  ot  the  probe 
is  also  subject  to  soot  deposition  from  rec i n  u 1  a t i ng  combustion  gases.  In 
addition,  il  unburn  1 ue 1  condenses  on  the  end  ot  the  probe  either  burning  or 
carbonizing  i  an.  take  plait-  to  add  further  to  the  build  up  ol  carbon.  To  re¬ 
duce  the  heat  loading,  on  the  probe  and  eliminate  soot  or  carbonizing  deposits 
that  cover  the  viewing  lens  a  steadv  ilow  ol  nitrogen  was  driven  through  the 
probe  at  about  20  lbs/hour  and  exh.tsutod  through  the  ten  holes  surrounding 
the  -jewing  lens.  Two  ot  the  holes  on  opposite  sides  ot  t ue  lens  were  blocked 
oft  and  small  channels  cut  to  direct  some  ol  the  nitrogen  onto  the  outside 
surface  ol  the  lens.  The  diverted  flow  was  sufficient  to  keep  the  lens  soot 
:  ree  as  will  he  sh.  wn  lat-r. 

Control  of  the  mass  1  low  rate  ot  cooling  air  through  the  probe  is  accom¬ 
plished  with  the  use  ol  a  sonic  t  low  constrictor  that  lias  an  oritico  diameter 
ot  0.52  mm.  As  long  as  the  downstream  pressure  is  s  i  gn i : i cant  1 v  less  than  the 
pressure  applied  upstream  ol  the  constrictor,  the  mass  ! iow  rate  depends  only 
on  the  applied  pressure.  Flow  test  measurements  we  pi-rtormed  gave  the  mass 
llow,  n,  in  l’.s/hrs  through  the  constrictor  as 

m  =  .028  1’ 

where  I’  is  the  inlet  pressure  in  psig.  A  moving  vane  flowmeter  with  a  fiber 
optic  pickup  for  remote  llow  monitoring  was  also  placed  between  the  llow  con¬ 
strictor  and  probe  inlet.  Cal  cul.it  ions  and  measurements  were  made  to  estimate 
the  cooling  ability  of  the  gas  flow  through  the  probe.  These  will  he  discussed 
i n  sec t i on  3.1. 
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3.  BKNCll  TKSTS 

3.1  Optical  Viewing. 

3.1.1  Fiberscope  Resolution.  The  fiberscope  viewing  system  w.is  set  up 
on  the  bench  to  determine  the  image  quality  with  different  image  conduits, 
lenses,  and  couplings  between  the  conduit  and  fiber  bundle.  An  illuminated 
USAF  resolving  power  chart  that  shows  a  stepped  series  of  three  bar  pattern-, 
was  used  as  a  viewing  object. 

Theoretically,  the  maximum  resolution  ol  a  fiberscope  through  which  an 
object  at  a  distance  D  from  the  viewing  lens  is  being  observed  is  given  hv : 


y0  =  F/ [ 2d (D-F) |  -  F/2dD  tor  f>  •>  F 

where  F  is  the  focal  length  of  the  viewing  lens  and  d  the  distance  between 
individual  fiber  elements  in  the  bundle  or  conduit.  When  the  object  distance 
is  twice  the  focal  length  (D=2F)  we  have  a  magnification  of  1  and  the  resolu¬ 
tion  becomes  1 / 2d  which  represents  the  resolution  of  and  object  at  the  face 
of  the  fiber  bundle  or  conduit  (Ref.  5).  The  above  result  is  for  a  uniformly 
closepacked  bundle.  The  resolution  can  be  worse  if  the  fibers  are  not  uni¬ 
formly  packed  or  there  are  a  number  of  broken  or  weakly  transmitting,  fibers. 

For  the  imaging  fiber  conduits  and  bundles  that  we  are  using  d  equals 
10  ym  and  the  resolution  of  a  object  at  the  conduit  face  (or  a  distance  2F 
away  from  the  viewing  lens)  is  50  lines  per  mm.  When  we  increase  the  object 
distance,  D,  the  resolution  of  the  object  decreases  since  we  are  demagnifying 
the  ob  ject  onto  the  conduit  face.  The  amount  of  demo;  nif ication  in  the  object 
plane  depends  on  the  f ield-of-view  (FOV);  and,  for  a  simple  lens,  the  FOV  is 
just  equal  to  twice  the  angle  whose  tangent  is  the  ratio  of  the  conduit  ra¬ 
dius  divided  by  the  conduit  face  to  lens  distance.  For  objects  whose  distance 
is  much  greater  than  the  lens  focal  length  the  FOV  is  just: 


FOV  =  2  tan 


(r  /F) 
c 


where  r  is  the  conduit  radius.  Basically,  lenses  with  focal  lengths  near 
the  size  of  the  fiber  bundle  diameter  will  have  large  FOVs  with  low  resolution 
and  lenses  with  focal  lengths  much  larger  than  the  bundle  diameter  will  have 
narrow  FOVs  and  higher  resolution.  In  addition,  the  short  focal  length  lenses 
will  have  a  large  depth  of  focus  (range  over  which  objects  remain  in  focus) 
and  the  long  focal  length  lenses  a  much  shorter  depth  of  focus.  There  is  a 
trade-off,  then  between  high  resolution  with  small  depth  of  focus  against 
wide  FOV  with  large  depth  of  focus. 


The  resolution  for  the  fiberscope  discussed  above  was  for  viewing  a  sta¬ 
tionary  object.  As  discussed  by  Kapany  in  Ref.  5,  if  the  object  is  moving 
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relative  to  t  h»  t  i  tu  l’n  nil  t  >  .  t  lull  t  hi  n  ■  s.i  i  ,  |  1 1  1 1  i  ii  i  ■  i  ■  .  hiiinl  1 1  i  r  i  i  v  is 
t  •  ■  -i  i  c  i  t  .t  in  ih'i'  r,  c  eliminated.  this  i  mg  ■  .  >  vi  -  tin-  n-.i'lm  inn  hv  i  l.irutr  o! 
ibcut  .  !  h  i  el  lei  t  I'.ivrs  .in  apparent  ii"pi  .  vi-meut  in  iusu  1  ul  i  on  whin  nlisii- 

v  ills  thf  high  spil'd  nut  inn  piituri-s  oi  tin-  moving  Il.ii’n  .is  compared  to  .in 
fx.ir.in.it  i-  n  oi  ,i  single  i  r.ime. 

We  i  omul  th.it  thf  rfsolution  o!  thf  image  conduit*.  varied  .  ons  i  do  r.ih  I  v 
with  in.  i  mi  t  .1.  t  ii  re  iiul  with  tin-  dillereiit  batches  I  rom  tin  same  m.irml  .h  t  uror  . 

1  lu  v. iri.it  ion  in  t  osoliit  ion  depended  mi  tin-  number  o!  broken  or  wi  .iklv  t  r.ins- 
••  i  t  t  in.  i  ihfts.  In  short  length  ol  to  i  ini  hi- s  thf  conduit  rfsolut  ion  v.is 
iisii.iII’.  thf  theoretical  v.tliif  expected.  In  lonp.fr  lengths,  howriif  r,  ot  1  to 
12  itnhfs  .i  lir.-f  number  ol  weak  I v  tr  in  . mitt  ing  t  ihers  iu-i  aim  d.irk,  t  hi'  image 

Is  i  .in.f  snow  .mu  tin  ri'so  1  ut  ion  could  ho  degraded  hv  ,i  i  i.  tor  oi  lour.  In 

I’uinv  ..isos  tin  v.i'.ik  I  \  t  r.insmi  1 1  ing.  i  ilnr  -  were  it  thf  hound,  irv  ot  thf  sci  und 
di  iw  oi  i  nui  1 1  i dr. iv  proiess.  In  this  ■  ase  ,i  second  nun  h  larger  mosaic  put  torn 
is  siipo  r  imposfd  on  thf  h.isi.  p.ittorn.  Image  conduits  1  rom  some  vomp.in  if  s 
wiTo  .ii  .  opt  .ihl  f  -md  gave  m-.irlv  tin-  thforftii.il  rosolution  expected  .it  thf 
longer  1  flip ths  rmpiirfd. 

klii'ii  wo  l  onplf  1  rom  mio  t  ihfr  opt  if  imaging  device  to  another,  is  wf  did 
in  going  iron:  thf  image  conduit  to  tin-  ilexible  I  ibor  bund  If,  only  n  slight 
dipr.id.it  ion  oi  .ihout  10  percent  in  rosolution  is  fxportrd  (Rot.  6).  This  was 

observed  to  no  tin  usf  and  tin-  .  omplitid  I  iln-rsi  opo  with  tin  tr.inslor  Lons 

■I  nut  t  -  p>  und  1  ihers  give  tif.irlv  tin-  expected  rfsolution.  Fip.uro  3.1a 
shows  a  phot  op  raph  ot  thf  ISAF  rosolution  tf.st  p.ittorn  taken  through  thf 
tiberscope.  Tin1  tost  p.ittorn  was  placed  10  cm  I  rom  the  viewing  lens.  The 
corresponding  test  pattern  and  resolution  values  in  lines  per  mm  are  shown  in 
Tig.  i.lh.  In  tile  photograph  t.'e  can  just  resolve  group-1,  element  6.  This 
corresponds  to  .891  lines/mm.  The  viewing  lens  local  length  is  1.79  mm  and 
the  individual  liber  spacing  on  both  the  conduit  and  the  flexible  fiber  bundle 
was  about  10  u.  Therefore,  the  expected  resolution  is  .895  £/mm.  The  flexible 
fiber  bundle  tiad  an  additional  pattern  from  a  grouping,  of  16  individual  fused 
libers.  A  few  of  the  fiber  rows  were  not  well  aligned  causing  a  shearing  of 
the  object.  This  can  be  seen,  for  example,  in  the  vertical  bars  in  group-2, 
element  1.  Additional  broken  fibers  .appeared  as  the  fiberscope  was  handled 
around  the  combustor  rig. 

Figure  3.2  shows  a  view  through  the  fiberscope  of  a  1  inch  square  array 
of  lines  at  10  cm  from  the  lens.  From  this  view  om  can  easily  see  the  barrel 
distortion  of  the  viewing,  lens.  This  type  of  distortion  is  common  with  wide 
angle  lenses  when  a  Large  f ie ld-of-view  is  compressed  into  a  small  image  size. 
Tiie  largest  FOV  from  the  photograph  is  roughly  82°.  A  more  practical  FOV  where 
the  image  remains  discernable  is  about  75°. 

3.1.2  Wavelength  Transmission.  An  imaging  fiber  bundle  typically  trans¬ 
mits  over  a  wavelength  range  between  0.40  urn  to  1.64  pm  at  the  10  percent 
transmission  points  as  given  by  Siegmund  (Ref.  7).  We  measured  the  trans¬ 
mission  function  of  the  combustor  fiberscope  over  the  wavelength  range  of  0.45 


•&.- 


26 


(b)  VALUES  for  STANDARD  USAF  1 96!  RESOLUTION 


R81-925172-4 


pm  to  1.2  pm,  which  was  the  limit  set  by  the  photodiode  detector  on  our  scan¬ 
ning  monochromator.  The  transmission  function  includes  the  transmission  of 
the  lenses,  imaging  fiber  conduit  and  9  ft  bundle,  and  surface  reflection 
losses . 

The  wavelength  transmission  of  the  fiberscope  was  measured  with  a  scan¬ 
ning  monochromator  and  chart  recorder.  We  first  measured  the  emission  spec¬ 
trum  of  a  standard  tungsten  ribbon  lamp  run  at  1800°C.  The  fiberscope  was 
then  interposed  between  the  lamp  and  monochromator  and  the  spectrum  of  the 
lamp  again  recorded.  The  light  collection  angle  of  the  monochromator  was 
kept  about  the  same  in  each  instance  and  appropriate  filters  were  used  to 
block  the  second  order  diffraction  in  the  monochromator  when  necessary.  The 
measurement  of  the  lamp  spectrum  with  and  without  the  fiberscope  gave  a  rela¬ 
tive  transmission  over  the  wavelength  spectrum  measured.  With  the  use  of  a 
small  He-Ne  laser  we  were  able  to  obtain  in  a  similar  measurement  the  abso¬ 
lute  transmission  at  the  0.633  pm  wavelength.  The  data  at  the  other  wavelengths 
was  then  normalized  to  the  0.633  pm  value  to  produce  the  curve  in  Fig.  3.3. 

The  fiberscope  transmission  in  the  visible  wavelength  was  only  3  to  4  percent 
with  the  lens  coupling  between  the  fiber  conduit  and  bundle  and  increased  to 
16  to  19  percent  for  butt  coupling  of  the  fiber  components. 

In  order  to  obtain  exposure  value  estimates,  photographs  of  the  standard 
lamp  were  taken  through  the  fiberscope  with  a  35  mm  camera.  A  50  mm  camera 
lens  was  used  with  four  extenders  totaling  40  mm  distance.  With  the  extenders 
we  made  a  0.9  magnification  image  of  the  output  end  of  the  9  ft  fiber  bundle 
on  to  the  film.  The  resolution  of  the  film  is  50  to  100  lines/mm  so  there 
should  be  no  significant  loss  of  image  resolution.  The  lamp  was  run  at  tem¬ 
peratures  of  1500°C,  1800°C,  and  2000°C  to  simulate  expected  flame  tempera¬ 
tures.  Several  exposures  were  taken  at  the  different  lamp  emission  tempera¬ 
tures  with  F.ktachrome  400  ASA  film.  The  film  was  pushed  one  stop  in  develop¬ 
ment  giving  it  an  effective  ASA  of  800.  Shutter  speeds  of  1/1000  and  1/2000 
sec  gave  weak  exposure  at  1500°C  and  good  exposures  at  1800°C  and  2000°C. 

These  shutter  speeds  were  also  found  to  be  adequate  for  the  combustor  view 
as  expected.  The  exposure  values  were  measured  with  the  lens  coupling  between 
the  fiber  elements.  With  butt  coupling  we  would  have  only  one  fifth  the  ex¬ 
posure  value;  that  is,  we  should  be  able  to  run  at  shutter  speeds  of  1/5000 
sec  to  1/10,000  sec  which  is  required  for  the  high  speed  motion  pictures. 

3.1.3  Angular  Transmission.  The  angular  sensitivity  of  the  fiberscope 
to  received  light  was  measured  with  a  small  light  source  placed  at  a  constant 
radius  but  at  different  angles  in  the  object  fields  of  the  fiberscope.  The 
light  signal  transmitted  through  the  fiberscope  was  photodetected  and  recorded 
for  the  different  angular  positions.  A  sufficiently  sized  light  source  was 
used  so  that  several  individual  fiber  elements  in  the  image  conduit  were  illu¬ 
minated  and  a  discontinuous  jump  as  the  light  spot  moved  over  the  fiber  ele¬ 
ments  was  avoided.  Figure  3.4  shows  the  angular  distribution  pattern.  The 
half  power  points  occur  at  35°  and  -40°.  These  results  are  for  lens  coupling 
of  the  fiber  imaging  components.  With  butt  joined  components  the  results  are 
very  similar.  The  reason  for  the  double  lobed  structure  is  not  fully  understood. 
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3.2  Pressure,  Temperature,  and  Vibration  Tests.  A  small  bench  rig  was 
constructed  using  a  standard  4  inch  id,  300  psi  pipe  elbow.  The  rig  was  used 
to  test  the  assembled  fiberscope  for  ruggedness  and  ability  to  maintain  image 
quality  at  the  pressures,  temperatures,  and  possible  vibrations  expected  in 
the  burner  rig.  Figure  3.5  shows  a  half  scale  cross  section  drawing  of  the 
fiberscope  mounted  in  the  pipe  elbow  rig.  A  slow  flow  of  compressed  air  at 
200  psig  enters  the  elbow  from  the  connector  on  the  top  flange  next  to  the 
fiberscope  mount.  The  air  flows  through  the  connector  and  into  a  ceramic 
tube  with  an  electrical  resistance  heater  where  it  is  heated  and  discharged 
across  the  end  of  the  fiberscope,  as  shown  in  the  figure.  The  temperature  of 
the  gas,  measured  with  a  thermocouple  probe  placed  near  the  fiberscope  was 
set  for  520°C.  An  exhaust  port  with  a  llow  constricting  value  to  control  the 
pressure  was  placed  on  the  flange  at  the  other  end  of  the  pipe  elbow.  A  screen 
with  the  words  "FIBKR  OPTICS"  was  also  placed  on  the  end  flange.  The  screen, 

25  cm  awav  from  the  probe,  was  illuminated  in  the  sealed  pipe  with  the  laser 
illuminating  fibers  from  the  end  of  the  probe.  We  could  easily  monitor  the 
screen  through  the  fiberscope  during  bench  testing. 

In  the  course  of  heating  and  pressurization  of  the  fiberscope  we  also  vi¬ 
brated  the  bench  rig  with  a  motor  driven  eccentric  load.  The  rotation  rate 
of  the  motor  was  varied  over  the  course  of  the  tests  from  0  to  7200  rpm 
giving  vibration  frequencies  from  0  to  120  Hz.  At  certain  frequencies  the 
bench  t  ic,  and  the  platform  to  which  it  was  mounted  resonated  giving  rise  to 
increased  vibration  amplitudes.  The  fiberscope  was  tested  for  over  four  hours 
at  the  higher  pressures  and  temperatures  and  vibration  loadings.  At  no  time 
during  or  after  the  tests  was  the  image  through  the  f fberseope  distorted  or 
degraded  bv  vibrations  or  l.igh  temperatures  and  pressure  imposed  on  the  fiber- 
scope  . 


1.3  Probe  Coolirtg.  One  to  the  complicated  geometry  of  the  probe,  the 
exact  amount  of  cooling  gas  flow  required  to  reduce  the  probe  temperature  a 
certain  number  of  degrees  cannot  be  calculated  easily.  We  can  estimate  the 
effect  of  the  cooling  gas,  however,  bv  making  a  calculation  of  a  simplified 
model  and  t. iking  measurements  with  an  external  heater  on  the  probe. 

If  the  outside  surface  of  the  probe  is  held  at  a  constant  temperature  by 
t he  incoming  hot  gas,  heat  will  transfer  through  the  probe  walls  and  be  carried 
awav  bv  the  cooling  air  flowing  through  the  probe.  In  this  way  we  can  reduce 
the  temperature  of  the  fiber  conduit  and  viewing  lens  assembly.  The  heat 
transfer  through  the  wall  of  a  cylinder  of  conductivity  k  with  inside  radius 
r |  at  temperature  T'  and  outside  radius  r2  at  temperature  Ts  and  length  dz  is 


dQ  =  2 tt k (Ts— T ’ )  dz/£n(r2/r^) 


(  1  ) 


Heat  transfer  from  the  inside  surface  to  the  gas  at  temperatures  T  is 
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dQ  =  2uh  ri(T'-T)  dz  (  2  ) 

where  h  is  the  transfer  coefficient  to  the  gas.  We  can  eliminate  the  inside 
wall  temperature,  T',  from  Eqs.  (1)  and  (2)  and  equate  the  heat  flow  into  the 
cylinder  to  the  heat  carried  out  of  the  probe  section  dz  by  the  flowing  gas. 

We  then  get 

c  m  dT  =  2nri  li  dz  [ (Ts-T) / (1+a) ]  (  3  ) 

where  c  is  the  specific  heat  of  the  gas  and 

a  =  hr^  In  (^/rjl/k 

Integration  of  Eq.  (3)  over  the  length  of  the  probe  and  from  inlet  gas  tempera¬ 
ture  to  outlet  gas  temperature  gives  an  expression  for  the  ratio  of  the  ex¬ 
haust  gas  temperature  to  the  outside  surface  temperature  of  the  cylinder  wall, 
namely , 

Tout/Ts  =  1  -  e  *  (Ts_Tin)/Is  (4) 

whe  re 

y  =  2nr7hL/C(  1+a) 

The  outside  surface  of  the  fiberscope  probe  was  heated  with  an  electrical 
resistance  heater  tube  and  insulation  was  placed  around  the  probe.  The  tem¬ 
perature  of  the  probe  surface  and  exiting  cooling  gas  and  mass  flow  rate  were 
measured.  The  wall  thickness  of  the  probes  varies  considerably  along  the 
lengtli  of  the  probe.  Since  the  geometrical  factors  are  contained  in  the 
quality  of  y,  Eq.  (4),  should  represent  the  approximate  functional  dependence 
on  muss  flowrate  for  the  fiberscope  as  well  as  for  a  cylinder.  Measurements 
taken  on  the  fiberscope  of  Tout/Ts  for  different  mass  flows  are  shown  in  Fig. 
3.6.  The  solid  curve  represents  Eq.  (4)  with  y  =  4.5. 

If  we  consider  the  burning  fuel  zone  a  black  body  emitter  at  1600°C  the 
radiant  intensity  would  be  68  watts/cm2.  Since  the  probe  is  upstream  and 
separated  from  the  surface  of  the  burning  fuel  by  several  cm,  the  emissivity 
of  the  luminous  combustion  is  less  than  unity,  the  reflectivity  at  the  sur¬ 
face  of  the  probe  face  a  significant  fraction  of  unity;  only  a  portion  of  the 
68  W/cm2  black  body  radiation  would  irradiate  the  1  cm2  surface  area  of  the 
probe  face.  The  actual  position,  size,  and  emissivity  of  the  combustion  zone 
and  the  reflectivity  of  the  probe  face  in  the  hot  oxidizing  environment  are 
not  precisely  known.  A  very  rough  estimate  would  allow  for  at  most  32  watts 
or  8  cal/sec  of  incident  radiant  power  to  heat  the  end  of  the  probe.  At 
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20  lbs/hr  the  cooling  gas  would  have  to  raise  its  temperature  by  13°C  at  the 
probe  tip  to  carry  away  the  additional  radiant  heat  loading.  The  correspond¬ 
ing  surface  temperatures  at  the  probe  face,  however,  would  have  to  be  higher 
than  the  gas  temperature  to  transfer  the  required  heat  in  the  short  distance 
at  the  end  of  the  probe.  The  bench  tests  could  not  possibly  reproduce  the 
radiant  heating  from  the  burner  flame  on  the  tip  end  of  the  probe. 

A  mass  flow  rate  of  20  Ibs/hr  was  maintained  through  the  fiberscope  during 
operation  on  the  combustor  rig.  For  operation  on  the  rig  the  factor  ( T . n) /T 
in  Fq .  (4)  would  be  about  .94,  and  the  nitrogen  gas  temperature  should  raise 
to  a  temperature  that  would  be  about  25  percent  of  the  ambient  combustor  inlet 
temperature.  This  temperature  rise  and  gas  flow  would  carry  away  57  cal /sec 
of  heat.  The  gas  temperature  would  also  rise  an  additional  small  amount  at 
the  probe  tip  fr-'m  the  radiation  heating. 
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4.  HIGH  PRESSURE  COMBUSTOR  TESTS 

4.1  High  Pressure  Burner  Rig.  The  fiberscope  was  tested  on  the  Research 
Center's  FT4  single  can  combustor  test  facility.  This  facility  was  designed 
to  represent  a  full  scale,  1/8  sector  (single  can)  of  an  FT4  combustor.  The 
FT4  is  a  ground  based  gas  turbine  engine  that  has  a  free  turbine  to  deliver 
shaft  horsepower.  The  engine  has  eight  individual  burner  liners  (or  cans) 
around  the  turbine  annulus.  The  combustor  test  facility  was  designed  to  sim¬ 
ulate  the  actual  operating  conditions  and  air  flow  distribution  for  a  single 
burner  can. 

The  air  flow  to  the  combustor  rig  is  supplied  by  a  large  tank  of  compressed 
air  that  is  initially  filled  to  a  pressure  of  400  psig.  The  rig  operates  in 
a  blow-down  fashion  for  a  period  of  time  that  depends  on  the  rig  pressure.  A 
backpressure  valve  on  the  exhaust  controls  the  pressure  in  the  rig,  and  a  viti¬ 
ation  heater,  using  propane,  preheats  the  air  before  entering  the  diffuser  and 
combustor  sections.  Only  a  small  fraction  of  the  oxygen  is  depleted  by  the 
vitiation  heater.  Figure  4.1  shows  a  drawing  of  the  test  rig  and  its  various 
components.  The  rig  was  instrumented  with  smoke  probes,  thermocouple  rakes 
and  various  pressure,  flow,  and  temperature  monitors.  In  addition,  the  rig 
could  be  assembled  and  disassembled  for  easy  access. 

A  side  cross  sectional  view  of  the  diffuser  and  combustor  sections  of  the 
test  rig  is  shown  in  Figure  4.2.  The  combustor  can  (or  liner)  is  a  10  inch 
ID  by  18  inch  long  annular  can  with  a  3  inch  diameter  by  11  inch  long  reentrant 
tube  to  bring  mixing  and  dilution  air  into  the  center  of  the  can.  There  are 
six  fuel  nozzles  placed  around  the  center  cooling  tube  as  shown  in  the  end 
view  of  Figure  4.3.  Figure  4.3  also  shows  the  43°  annular  segment  wall,  used 
to  simulate  the  engine  air  flow. 

The  combustor  rig  was  run  in  two  primary  modes  for  the  viewing  tests. 

In  the  full  power  or  20  MW  mode,  inlet  air  temperature  and  pressure  were  set 
at  379°C  and  183  psig  with  an  air  flow  rate  of  31.6  lbs/sec.  Number  2  fuel 
oil  was  burned  in  the  combustor  and  the  fuel  flow  rate  to  the  six  nozzles 
was  1656  lbs/hr.  In  the  full  power  mode,  the  burner  operation  could  be  sus¬ 
tained  for  a  little  more  than  5  min. 

The  second  mode  of  operation  was  at  half  power  or  10  MW.  Under  this 
condition,  the  inlet  gas  temperature,  pressure,  and  flow  were  309°C,  135 
psig,  and  25.4  lbs/hr.  The  fuel  flow  was  set  for  996  lbs/hr.  At  half  power 
the  rig  could  run  for  more  than  11  min. 

For  safety  reasons,  personnel  are  not  allowed  in  the  burner  stand  when 
the  combustor  rig  is  in  operation.  The  rig  is  close  enough,  however,  to  an 
outside  wall  to  allow  the  9  ft  long  fiber  bundle  to  go  between  the  fiberscope 
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on  the  rig,  through  the  18  inch  burner  stand  wall,  and  into  a  trailer  placed 
adjacent  to  the  outside  stand  wall.  The  trailer  acted  as  a  monitoring  station 
to  use  various  cameras  and  instruments  with  the  fiberscope  output  directly 
rather  than  through  an  elaborate  set  of  remote  controls. 

4.2  Fiberscope  Placement  on  Rig.  The  position  of  the  fiberscope  on  the 
rig  is  shown  in  the  side  view  of  Figure  4.2  and  in  the  end  view  at  the  combus¬ 
tor  inlet  of  Figure  4.3.  The  probe  mounts  to  a  boss  on  the  outside  of  the 
20  inch  diameter  rig  pipe,  passes  through  a  hole  placed  in  the  segmenting  wall, 
and  then  under  the  fuel  manifold  lines  at  a  location  between  two  fuel  nozzles 
as  shown  in  the  figures.  The  probe  was  designed  with  an  8°  angle,  tilting 
forward,  from  the  pipe  radius  so  that  we  could  easily  piace  the  probe  between 
the  fuel  manifold  and  liner  and  inset  the  viewing  tip  into  a  half  inch  hole 
in  the  liner  that  was  specially  drilled  for  the  probe.  The  probe  could  be 
removed  and  reinserted  from  the  boss  without  the  time  consuming  procedure  of 
disassembling  the  burner  rig. 

The  1200  psi  probe  purge  and  cooling  gas  line  shown  in  Figure  4.2  along 
with  the  sonic  flow  constrictor,  flow  monitor,  valves,  and  monitoring  gauges 
that  were  placed  in  the  trailer.  A  small  water  line  (not  shown  in  the  figures) 
supplied  cooling  for  the  probe  mounting  head.  The  laser  illuminating  fibers 
and  thermocouple  leads  used  the  same  sealed  access  port  on  the  probe  mounting 
piece  and  were  not  used  simultaneously  on  the  fiberscope. 

A  photograph  of  the  backside  or  input  end  of  the  burner  can  with  the  view¬ 
ing  probe  installed  is  shown  in  Figure  4.4.  The  diffuser  section  and  fuel 
manifold  were  removed  so  that  the  position  of  the  probe  on  the  can  could  be  seen. 
The  backside  of  the  half  inch  diameter  probe  can  be  seen  protruding  through 
the  segmenting  wall  on  the  left  hand  side  of  the  rig  in  the  photograph.  The 
probe  tip  is  inserted  into  a  half  inch  hole  between  two  fuel  nozzle  ports  and 
is  viewing  downstream  and  parallel  to  the  combustor  rig  axis. 

The  view  into  the  can  from  the  opposite  direction  is  shown  in  Figure  4.3. 

In  this  photograph,  we  can  see  the  tip  of  the  probe  protruding  slightly  into 
the  can  at  a  crease  that  runs  between  the  fuel  nozzle  ports.  The  swirler 
vanes  on  the  end  of  the  11  inch  long,  3  inch  diameter  center  air  tube  can  also 
be  seen  in  the  photograph. 

A  photograph  of  the  view  of  the  inside  of  the  burner  liner  looking  through 
the  fiberscope  is  shown  in  Figure  4.6.  The  burner  liner  center  tube  can  be 
seen  in  the  righthand  side.  The  picture  in  Figure  4.6  was  taken  with  the  liner 
outside  the  rig.  A  spotlight  was  moved  around  the  exterior  of  the  liner  during 
the  time  exposure  used  for  the  photograph.  As  a  consequence,  several  of  the 
dilution  holes  in  the  liner  appear  brightly  illuminated.  A  small  sign  with  inch 
and  a  half  letters  "FT-4"  can  be  seen  at  the  end  of  the  liner  in  Figure  4.b. 
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4 . 3  Probe  Operation  on  Rig 

4.3.1  Sooting  and  Temperature  Measurements.  The  region  of  the  combustor 
liner  where  the  probe  tip  intrudes  has  by  far  the  highest  levels  of  carbon 
soot  and  coking  deposits.  This  can  be  seen  in  Figure  4.5.  When  the  probe  was 
removed  and  inspected  after  the  first  couple  of  runs,  a  thin  soot  deposit  had 
collected  in  the  viewing  lens.  This  soot  deposit  was  not  immediately  noticed 
at  the  output  end  of  the  probe,  but  undoubtedly  reduced  the  light  intensity 
transmitted  by  the  probe  a  significant  amount.  The  nitrogen  exiting  the  holes 
around  the  viewing  lens  was  not  in  itself  sufficient  to  prevent  soot  deposition 
on  the  outside  surface  of  the  viewing  lens.  This  problem  was  resolved  by 
blocking  two  of  the  ten  exhaust  holes  around  the  viewing  lens  with  small  screws. 
The  blocked  holes  were  in  opposite  sides  of  the  lens.  Small  channels  were  then 
machined  in  the  viewing  lens  holder  to  connect  the  blocked  holes  with  the  lens 
thereby  directing  a  fraction  of  the  cooling  gas  flow  onto  the  outside  surface 

of  the  lens.  After  the  modification,  the  lens  remained  free  of  soot.  This 
result  is  shown  in  Figure  4.7  which  is  an  enlarged  photograph  of  the  probe 
alter  20  minutes  of  operation  in  the  combustor.  One  can  note  the  heavy  soot 
deposit  on  the  probe  face  in  the  presence  of  the  specular  reflection  of  light 
from  the  clean  viewing  lens  at  the  center  of  the  probe  face.  The  end  of  the 
small  10  mil  diameter  laser  illuminating  fiber  can  be  seen  in  the  smaller  hole 
at  about  2  o'clock  in  the  probe  face. 

A  thermocouple  (TC)  was  placed  inside  the  probe  for  the  first  few  runs. 

The  TC  was  first  placed  into  one  of  the  cooling  holes  that  surround  the  viewing 
lens  to  measure  the  probe  tip  temperature.  Temperatures  at  this  location  ranged 
from  165  to  178°C  for  full  power  operation  and  120-130°C  for  half  power  operation. 
From  the  cooling  calculations  of  Section  3.3,  we  would  expect  an  exit  gas  tem¬ 
perature  of  about  108°C  for  the  high  power  run  and  90°C  for  the  low  power  run. 
Additional  heating  of  the  TC  was  probably  given  through  lead  wire  conduction  to 
the  much  higher  surrounding  metal  surface  temperatures. 

The  TC  was  also  placed  on  the  inside  surface  of  the  probe  at  the  point 
closest  to  the  viewing  lens  where  the  image  conduit  contacts  the  surface.  This 
location  measured  the  maximum  temperature  that  would  be  felt  by  the  conduit 
glass.  The  temperature  at  this  location,  which  could  not  be  easily  calculated, 
ranged  up  to  300°C  at  full  power  and  to  191°C  at  half  power.  These  temperatures 
are  well  below  the  340°C  limit  of  the  glass. 

4.3.2  35  mm  Photographs.  During  several  runs  with  the  viewing  probe  in 
the  combustor,  photographs  of  the  combustor  view  were  taken  with  a  Nikon  single 
lens  reflex  camera.  Ektachrome  35  mm  film  was  used,  and  during  development 
the  film  was  pushed  one  stop  to  give  an  effective  film  speed  of  800  ASA.  The 
standard  Nikon  50  mm,  f 1 . 4  camera  lens  at  full  aperture  with  a  bellows  extension 
was  used  to  reimage  the  combustor  view  from  the  output  end  of  the  fiber  bundle 
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onto  the  film.  Magnification  of  the  3  mm  bundle  image  from  1.3  to  1.9  was 
used  in  taking  the  pictures.  These  magnifications  do  not  fill  the  entire  35 
mm  camera  frame  with  the  combustor  view,  of  course,  but  we  were  primarily 
interested  in  obtaining  maximum  light  intensity  without  degrading  the  resolu¬ 
tion  of  the  image.  The  resolution  of  the  combusotr  view  at  the  output  end  of 
the  film  bundle  is  about  50  8,/mm.  The  resolution  of  the  iilm  is  between  80 
to  100  1/ mm  so  that  the  small  magnification  of  the  combustor  view  helped 
insure  that  the  film  did  not  contribute  significanly  to  image  degradation 
but  would  allow  the  shortest  possible  exposure. 

During  the  first  run  exposures  from  1  to  1/2000  sec  were  taken.  Proper 
exposure  times  were  determined  to  be  at  the  1/1000  to  1/2000  sec  shutter  speeds. 
The  fast  shutter  speeds  are  required  in  order  to  "stop"  the  motion  of  flame 
which  is  rapidly  moving  in  the  turbulent  combustor.  Each  exposure  shows  a 
different  flame  pattern  which  indicates  the  great  variability  in  the  position 
of  the  luminous  flame  during  operation  of  the  combustor. 

Exposures  were  taken  with  blue,  greem  and  red  Kodak  filters.  The  blue 
filters  reduced  the  light  levels  so  significantly  that  only  a  weak  image  could 
be  recorded  at  1/60  sec  exposure.  The  flame  structure  could  be  observed  with 
the  green  filter  as  with  no  filter  and  the  exposure  times  were  only  increased 
a  couple  stops.  With  the  red  filter,  however,  a  good  deal  of  the  flame  struc¬ 
ture  was  removed.  This  result  is  not  completely  understood  at  the  present 
time. 

Figure  4.8  shows  an  enlargement  from  a  35  mm  color  slide  of  the  combustor 
view  through  the  fiberscope.  The  image  quality  was  reduced  somewhat  from  the 
original  35  mm  color  slide.  More  importantly,  the  black  and  white  exposure 
eliminated  the  brightness  contrast  and  some  detail  that  one  can  observe  in  the 
color  transparency.  The  exposure  time  for  Figure  4.7  was  1/1000  sec.  In  the 
figure,  one  can  see  the  luminous  flame  burning  under  the  center  tube  in  the  com¬ 
bustor  can  (cf.  Figure  4.6).  This  is  only  a  temporary  situation  as  the  posi¬ 
tion  and  extent  of  the  burning  zone  is  rapidly  changing.  The  black  mark  in 
the  view  at  about  ”3:30"  is  a  particle  of  dirt  somewhere  in  the  optical  system. 

The  reflection  of  light  from  the  burner  liner  surfaces  is  diffuse,  and 
only  a  few  percent  of  the  incident  light  from  the  flame  is  reflected  into  the 
fiberscope  view.  Since  the  range  of  contrasts  that  can  be  seen  on  fiber  is 
about  20:1,  the  liner  surfaces  and  center  tube  appear  only  as  shadows  or 
dark  zones  in  the  photographs  that  were  taken.  In  order  to  view  the  liner  sur¬ 
faces,  using  the  flame  luminosity,  one  would  have  to  block  the  direct  light  from 
the  flame  and  increase  the  film  exposure  4  to  5  stops  to  pick  up  the  reflected 
light . 
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4.3.3  High  Speed  Motion  Pictures.  Five  rolls  of  16  nun  Ektachrome  high 
speed  tungsten  movie  film  with  100  ft  per  roll  were  taken  of  the  combustor 
view  with  a  Locam  camera.  Framing  rates  from  100  to  maximum  500  frames  per 
sec  were  used.  There  was  enough  light  intensity  from  the  combustor  view  to 
make  a  good  exposure  at  500  fr/sec.  Movies  were  taken  of  ignition,  burn  out, 
high  power  and  low  power  operation.  When  observing  the  motion  pictures  with 
a  stop  action  projector,  one  can  see  that  even  at  500  fr/sec  each  frame  has  a 
different  flame  pattern  that  cannot  be  related  to  the  previous  frame.  500  fr/ 
sec  is  simply  not  fast  enough  to  follow  the  flame  dynamics.  On  some  frames, 
for  instance,  the  luminous  flame  covers  only  a  very  small  portion  of  the  view 
as  though  it  were  nearly  "blown  out";  and  on  other  frames  almost  the  entire 
view  is  covered  by  the  luminous  flame. 

In  order  to  take  motion  pictures  at  a  faster  framing  rate  a  greater  in¬ 
tensity  of  light  from  the  combustor  view  must  be  made  available.  A  minor 
modification  of  the  probe  was  undertaken  in  which  we  replaced  the  original 
image  conduit  and  transfer  lens  with  a  slightly  longer  conduit  rod  and  support 
piece  to  give  a  pressure  seal  around  the  conduit  rod.  The  9  ft  image  bundle 
was  butt  coupled  with  a  small  amount  of  optical  coupling  grease  to  the  end  of 
the  image  conduit.  The  utilization  of  butt  coupling  in  place  of  a  transfer 
lens  between  the  imaging  fiber  optic  components  gave  about  a  5  times  enhance¬ 
ment  to  the  light  intensity.  A  carefully  constructed  pressure  seal  was 
required,  however,  to  keep  the  conduit  from  moving  under  the  operating  pres¬ 
sures  of  the  combustor. 

With  the  butt  coupling  modification,  we  were  able  to  take  motion  pictures 
at  higher  framing  rates  with  a  Hicam  camera.  Six  rolls  of  film  were  taken 
with  framing  rates  of  1500,  2500,  and  5000  fr/sec.  There  was  enough  exposure 
for  the  5000  fr/sec  rate,  and  at  this  rate  the  flame  dynamics  could  be  followed 
to  a  reasonable  extent.  Pieces  of  flame  breaking  away  and  traveling  down  the 
combustor  could  be  seen  as  well  as  the  motion  of  the  flame  around  the  center 
tube  of  the  liner. 

Fuel  burning  from  four  nozzles  could  be  observed  in  the  movies  from  the 
fiberscope  view  (cf.  Figure  4.4).  The  flame  from  the  two  nozzles  adjacent  to 
the  viewing  probe  at  times  completely  filled  the  probe  view.  The  flame  was 
highly  turbulent,  however,  and  frequently  would  clear  to  some  extent  to  allow 
a  fiew  of  the  center  tube  and  the  flames  from  the  next  two  adjacent  nozzles. 

The  flame  from  the  second  nozzle  above  the  probe  entrance  was  particularly 
noticeable  and  its  motion  could  be  observed  along  the  combustor  can. 

During  an  ignition  sequence,  taken  at  500  frames/sec,  only  three  frames 
(less  than  4  msec)  was  required  for  the  flame  to  fill  the  liner.  At  shut¬ 
down,  however,  when  the  fuel  was  turned  off,  the  flame  decreased  slightly  in 
intensity  for  about  120  msec  and  then  quickly  went  out  in  about  28  msec 


49 


R81-925172-4 


(14  frames).  A  flicker  of  Light  from  differnet  places  in  the  burner  can  would 
reappear  several  times  later  for  about  300  msec  after  the  flame  went  out. 

In  general,  the  high  turbulence  and  changes  in  the  flame  pattern  appeared 
to  be  random.  The  flame  would  repeatedly,  but  not  with  a  constant  period,  open 
and  close,  dim  and  brighten,  fill  the  entire  view  and  in  a  rare  instance, 
nearly  burn  out.  These  effects  were  most  noticeable  when  the  rig  was  operated 
in  the  10  MW  mode.  At  20  MW,  or  full  power,  the  flame  filled  the  entire  view 
most  of  the  time  and  burned  more  intensely  from  the  two  adjacent  fuel  nozzles. 
There  were  instances  observed  at  250  frames/s ee  where  the  fl;une  appeared  to 
bounce  back  and  forth.  This  action  may  be  related  to  the  270  Hz  fluctuation 
frequency  to  be  discussed  later. 

The  eleven  100  it  rolls  of  film  were  reviewed  and  an  edited  film  of  about 
300  ft  was  constructed  i rom  various  segments  of  the  eleven  rolls. 

4.3.4  Video  Tapes.  A  Singer  ('.PL  990  vidicon  camera  with  an  ir  filter 
and  a  Sony  AV-3650  recorder  were  used  to  make  a  video  tape  of  the  combustor 
view  through  the  fiberscope.  The  filter  was  a  Rolyn  65.1395  that  had  a  cutoff 
wavelength  near  770  nm  to  block  the  visible  wavelengths.  The  long  wavelength 
cutoff  at  1000  nm  was  determined  by  the  vidicon  tube  response. 

A  vidicon  camera  produces  an  image  by  making  two  interlacing  scans  of  525 
lines  within  a  time  frame  of  30msec.  Prom  the  results  with  the  still  and 
movie  camera  we  found  that  this  rate  of  forming  an  image  is  not  fast  enough 
to  catch  the  flame  pattern  and  only  a  smeared  image  or  averaging  of  flame 
patterns  can  be  observed.  We  also  found  that  the  contrast  with  the  video 
camera  was  poor  as  compared  to  the  color  photography.  The  poor  contrast  may 
have  come  from  the  fact  that  we  could  not  as  easily  distinguish  the  high 
temperature  burning  zones  from  the  lower  temperature  zones  at  the  ir  wave¬ 
lengths  as  in  the  case  when  we  used  red  filters  with  the  color  photography. 

We  could  observe  some  average  brighter  zones  of  burning  in  the  combustor  with 
the  video  pictures,  but  the  detail  was  just  not  as  clear  as  with  the  color 
photography  and,  of  course,  you  could  not  follow  any  of  the  rapidly  developing 
flame  dynamics  that  you  could  with  the  high  speed  color  motion  pictures. 

4.3.5  Emission  Spectra.  The  visible  radiation  from  the  combustor  comes 
almost  entirely  from  thermal  radiation  emitted  by  hot  carbon  particles 

(Ref.  4).  These  particles  are  generated  in  large  numbers  during  the  combus¬ 
tion  of  oil  droplets  and  range  in  size  from  5  nm  to  250  nm,  which,  on  the 
average,  is  significantly  smaller  titan  the  wavelength  of  visible  light.  The 
mechanism  for  the  generation  of  carbon  (or  soot)  particles  in  oil  droplet 
burning  flames  is  not  completely  understood  and  is  the  subject  of  many  current 
investigations  (Ref.  4,  Chap.  8).  It  is  generally  accepted  that  the  tempera¬ 
ture  of  the  radiating  soot  particles  in  the  flame  closely  approaches  the  tem¬ 
perature  of  the  flame  gases.  Gaydon  and  Wolfhard  (Ref.  4,  Chap.  9)  indicate 
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that  there  has  been  substantial  agreement  on  the  color  temperature  of  soot 
particles  with  the  gas  temperature  in  benzene  and  acetylene  flames;  and  early 
estimates  indicate  that  the  difference  in  temperature  between  particle  and 
flame  gases  caused  by  radiation  losses  was  on  the  order  of  a  degree  C. 

The  stable  products  of  combustion  (H2O,  CO2,  CO,  O2  and  ^)  have  no 
electronic  transitions  that  allow  banded  emission  and  absorption  spectra  in 
the  visible.  Some  of  the  unstable  molecules  (radicals),  however,  such  as 
CH,  C2,  CN,  have  weak  banded  spectra  in  the  violet,  blue  and  green  wavelength 
regions.  Emission  from  the  unstable  molecules  is  noticeable  in  clear  premixed 
flames  along  with  a  weak  continuous  radiation  from  chemical  reactions  and 
recombination  of  ions.  The  radical  OH  has  a  strong  emission  band  at  306.4  nm 
in  the  near  uv.  Berretta,  et  al.  (Ref.  8),  have  measured  the  OH  emission  along 
the  axis  of  an  atmospheric  oil  burner.  They  also  observed  the  visible  wave¬ 
length  emissions  from  C2  and  CH  in  the  clear  portion  of  their  flame  near  the 
burner  nozzle.  The  emission  intensity  from  C2  and  CH  decreased  into  the  noise 
in  the  heavy  soot  generating  part  of  the  flame. 

In  the  infrared  spectrum  from  2  pm  to  longer  wavelengths,  the  combustion 
products  H2O,  CO2  and  CO  emit  and  absorb  strongly  at  their  vibrational  transi¬ 
tion  bands  and  contribute  significantly  to  the  overall  emission  at  these  wave- 
lenghts  as  shown  by  Claus  (Ref.  9).  The  fiberscope  only  transmits  to  wave¬ 
lengths  as  long  as  1.6  pm,  however,  and  cannot  pass  the  infrared  band  emissions 
The  OH  radiation  at  306  nm  is  also  blocked  by  the  fiberscope.  Use  of  low  loss 
quartz  communication  fibers  would  allow  transmission  of  the  OH  radiation. 

Image  transmitting  fiber  bundles  are  not  made  with  the  quartz  fibers,  however, 
and  only  nonimaging  experiments  could  be  performed  with  these  fibers  as  optical 
receivers . 

Wavelength  spectra  were  taken  of  the  combustor  flame  through  the  fiber- 
scope  with  a  1/4  meter  Jarrell  Ash  scanning  monochromator  and  an  EG&G-PAR 
optical  multichannel  analyzer  (0MA2)  system.  The  monochromator,  which  took 
several  minutes  to  make  a  scan,  plotted  the  spectra  from  the  visible  through 
the  near  ir  (400  nm  to  1150  nm) .  The  0MA2  system,  which  could  make  a  scan  in 
20  msec,  was  set  to  monitor  the  emission  from  240  nm  to  600  nm.  An  advantage 
of  the  0MA2  system,  besides  making  rapid  scans,  is  its  ability  to  make  rapid 
computations  with  other  spectra  for  comparison.  In  this  case,  for  instance, 
we  also  recorded  the  spectra  from  a  standard  tungsten  ribbon  lamp  at  different 
temperatures  through  the  same  fiberscope. 

Figure  4.9  shows  a  trace  of  the  spectra  of  the  combustor  flame  taken  with 
the  0MA2  system.  One  curve  in  Figure  4.9  was  taken  with  the  combustor  at  full 
power  and  the  other  at  half  power.  An  interesting  result  of  this  spectra 
and  also  the  spectra  taken  with  the  scanning  monochromator  is  that  the  ratio 
of  the  spectra  at  full  and  half  power  decreases  to  about  one  at  the  shorter 
wavelengths.  This  result  will  be  discussed  in  Section  5.1. 
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The  spectra  full  power  was  also  ratioed  with  the  spectra  from  a  standard 
tungsten  ribber  lamp  at  eight  different  temperatures  from  1300°C  to  2100°C. 

The  temperature  of  the  lamp  was  measured  with  an  optical  pyrometer.  A  plot 
of  the  spectral  ratios  is  shown  in  Figure  4.10.  For  this  figure  the  ratioed 
spectra  were  normalized  to  1  at  X  512  nm  to  allow  an  easy  comparison.  It 
will  be  shown  in  Section  5.2  that  when  the  temperatures  of  the  two  spectra 
are  equal  the  spectra  ratio  is  a  constant.  This  result  requires  that  the 
emissivity  be  a  constant  over  the  range  of  wavelengths  being  compared.  The 
spectra  for  Figures  4.9  and  4.10  were  taken  over  a  complete  cross  section 
of  the  burner  view  and  represents  a  space  and  time  average  of  the  combustor 
emission.  The  OMA  system  was  set  for  100  scans  with  30  msec/scan  or  a  3  sec 
time  average.  The  ratioed  spectra  stay  nearly  constant  in  the  wavelength 
range  between  540  nm  and  607  nm  at  a  lamp  temperature  between  1540°C  and 
1600°C.  A  correction  of  133°C  has  to  be  added  to  the  lamp  temperature  to 
allow  for  emissivity  of  the  tungsten  ribbon  and  window  loss.  The  indicated 
average  combustor  temperature  was  then  about  1700°C. 

One  could,  in  principle,  sample  smaller  sections  of  the  burner  view  and 
measure  hot  zone  temperatures.  Using  fast  time  gating  with  the  OMA  vidicon 
tube,  the  temperature  of  shorter  lived  burning  regions  could  also  be  measured 
if  enough  light  intensity  is  available  from  the  burning  region. 

The  small  structure  that  appears  in  the  spectra  of  Figures  4.9  and  4.10 
at  570  nm  and  600  nm  is  not  understood  at  the  present  time  and  may  be  an 
instrumental  or  noise  error. 

4.3.6  Fluctuation  Spectra.  An  enclosed  combustion  chamber  will  have 
characteristic  acoustic  frequencies  which  are  determined  by  its  dimensions 
and  the  velocity  of  sound  through  the  burning  gases.  Acoustic  vibrations  may 
couple  with  or  be  driven  by  the  varying  heat  release  rate  of  a  burning  flame 
(Ref.  4,  Chap.  7).  Such  periodic  vibrations  in  large  combustion  systems  are 
undesirable  and  may  be  dangerous  due  to  possible  loss  of  flame  stability  and 
destruction  of  metal  parts,  including  fatigue  failure  of  metals. 

We  measured  the  flame  motion  in  the  combustor  by  positioning  with  a  3-D 
micropositioner  a  cut  and  polished  end  of  a  single  fiber  at  the  output  of 
the  9  ft  image  bundle.  With  this  system  we  could  pick-up  the  optical  signal 
from  any  0.2  mm  dia  segment  of  the  3  mm  dia  combustor  view.  A  photodetector 
was  placed  at  the  other  end  of  the  optical  fiber  pick-up,  and  the  detected 
signal  was  amplified  by  a  Tektronics  1A7A  amplifier  that  had  an  adjustable 
bandwidth.  The  amplified  signal  was  then  sent  to  a  Spectral  Dynamics  SD340 
Fast  Fourier  Transform  (FFT)  Analyzer.  With  this  instrument,  we  could  measure 
the  spectra  of  the  flame  fluctuations  from  different  segments  of  the  combus¬ 
tor  view.  The  spectra  were  generated  in  20  msec;  and  8,  16,  32,  and  64  scan 
averages  could  be  taken.  A  typical  power  spectrum  of  the  flame  fluctuations 
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is  shown  in  Figure  4.1J.  Most  of  the  spectra  is  generated  by  random 
turbulence  of  the  burning  flame.  Observing  the  spectra  in  real-time,  we 
could  follow  the  rise  and  fall  of  short  lived  resonances  at  certain  frequencies 
in  the  burner  spectra.  The  most  prominant  peak  occurred  at  about  270  Hz  as 
indicated  in  Figure  4.11.  Resonant  frequencies  for  acoustic  modes  that  travel 
around  the  burner  can  annulus  would  be  in  the  range  of  several  kHz  at  the 
average  combustor  temperature.  The  270  Hz  signal  observed  with  the  FFT 
Analyzer  may  arise  from  an  axial  mode  that  occurs  from  a  reflection  about  1 
meter  down  the  length  of  the  rig  from  the  combustor  inlet  where  the  rig  tubing 
makes  a  reduction  in  diameter.  This  distance  and  frequency  agrees  with  an 
average  sound  velocity  in  1000°C  air. 

By  releasing  heat  in  local  zones  and  at  varying  rates,  the  flame  motion 
will  in  part  drive  and  be  driven  by  the  turbulence  of  the  flowing  gas  and  by 
acoustic  resonances  that  may  occur  in  the  combustor.  This  coupling  may  be 
important  for  flame  stability  and  mechanical  integrity  of  the  engine  parts. 

An  unstable  or  an  acoustically  modified  flame,  for  instance,  could  generate 
undesirable  temperature  pattern  factors  at  the  turbine  inlet  under  certain 
engine  operating  conditions. 

4.3.7  Laser  Illumination.  Two  15  ft  lengths  of  single  optical  fiber  were 
used  to  transport  an  argon  laser  beam  through  the  fiberscope  for  an  illumina¬ 
tion  source.  The  fibers  terminated  at  the  en^  of  two  smaller  holes  on  the 
cooling  hole  circle  surrounding  the  viewing  lens  (cf.  Figure  2.4).  One  fiber, 
Galite  3000  LC,  had  a  200  pm  core  dia  and  was  coarse  ground  on  the  output  end 
to  scatter  the  illuminating  light  in  a  180°  wide  angle.  The  second  fiber 
was  a  63  pm  core  Corning  fiber  that  had  a  low  numerical  aperture  of  0.14 
giving  a  spread  of  16°  to  the  illuminating  laser  beam. 

The  illumination  patterns  from  the  multimode  fibers  with  coherent  laser 
light  are  not  continuous  but  broken  into  many  patches  of  various  sizes  due  to 
interference  between  the  different  modes  of  the  fiber.  This  type  of  illumin¬ 
ation  chat  also  produces  speckle  may  not  be  the  best  for  examination  of  sur¬ 
faces,  for  instance,  but  may  be  acceptable  to  examine  fuel  spray  patterns. 

In  contrast  to  an  incoherent  light  source,  which  would  require  a  bundle  of 
fibers  for  transmission  of  sufficient  light,  the  entire  laser  source  can  be 
focused  into  and  transported  by  a  single  fiber. 

The  wide  angle  illuminating  fiber  broke  during  a  lens  adjustment,  but 
the  narrow  angle  emitting  fiber  survived  and  can  be  seen  protruding  slightly 
from  its  hole  at  "2  o'clock"  on  the  probe  tip  in  Figure  4.7. 

During  a  combustor  run,  a  3  watt  argon  ion  laser  beam  was  focused  into 
the  narrow  angle  fiber.  The  reflection  of  the  emerging  beam  from  vapors  in 
the  burner  could  be  seen  when  the  rig  was  not  operating.  When  the  high  velocity 
air  to  the  rig  was  initiated  the  vapors  were  blown  away  and  only  an  occasional 
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scintillation  from  a  particle  passing  through  the  laser  beam  could  be  observed. 
At  the  initiation  of  the  fuel  spray  a  bright  illumination  appeared  from  the 
backscatter  of  the  laser  beam  from  the  fuel  droplets;  and  after  ignition,  the 
laser  beam  could  be  seen  reflecting  from  the  fuel  spray  and  disappearing  into 
the  burning  flame  zone.  Several  still  camera  pictures  were  taken  of  the  laser 
illumination  in  the  burner.  With  the  wide  angle  illumination  we  could  have 
obtained  the  entire  fuel  spray  pattern  in  the  f ield-of-view  of  the  fiberscope. 

Laser  diagnostics  such  as  laser  Doppler  velocimetry  (LDV) ,  particle  sizing, 
laser  induced  fluorescence  (LIF) ,  Raman  scattering,  and  coherent  anti-Stokes 
Raman  scattering  (CARS)  have  been  developed  for  applications  to  combustion  over 
the  last  several  years  (Refs.  10-15).  These  systems  require  multiports  at 
different  angles  for  transmitting  and  receiving  apertures,  sometimes  require 
large  collecting  optics,  and  have  been  used  exclusively  in  low  pressure 
laboratory  flames  where  unlimited  access  is  available.  The  fiberscope  may  be 
useful  in  some  diagnostic  applications  to  the  combustor  as  a  receiving  device 
for  scattered  laser  light  that  has  been  injected  into  the  combustion  region 
through  two  or  more  additional  probes.  By  actuating  the  laser  probes  to 
different  positions,  a  map  of  the  measured  signal  could  be  made  over  the  FOV 
of  the  fiberscope.  The  use  of  optical  fibers  and  micro  lenses  for  injection 
of  the  laser  beam  into  the  combustor  permits  the  design  of  small  probes  that 
would  be  convenient  for  engines  where  a  limited  access  exists.  Moreover,  if 
only  a  single  position  or  a  small  FOV  is  needed,  the  fiberscope  could  be 
replaced  by  a  much  simpler  single  fiber  or  small  fiber  bundle  and  lens  to 
permit  a  simplification  of  the  receiver  design. 

The  heavily  soot  ladened  oil  droplet  burning  flames  make  laser  diagnostics 
more  difficult  in  a  real  gas  turbine  combustion,  as  demonstrated  by 
Eckbreth  (Ref.  13),  rather  than  in  a  premixed,  clean  burning,  nonturbulent 
laboratory  flame.  Significant  progress  has  been  made  recently,  however,  by 
Eckbreth  with  CARS  (Ref.  14)  measurements  and  by  Beretta,  et  al.  with  laser 
light  scattering  in  emission  and  extinction  spectroscopy  (Ref.  15).  In  addi¬ 
tion,  LDV  systems  have  been  well  developed  for  sometime  and  are  used  in  many 
gas  dynamic  experiments  (Ref.  10).  The  use  of  fiber  optics  will  allow  for 
easier  application  of  these  diagnostic  systems  to  combustors  where  limited 
access  would  otherwise  prevent  their  use.  Optical  fibers  are  being  used  in 
current  CARS  system  designs  at  UTRC  to  receive  and  transmit  the  coherent  anti- 
Stokes  generated  signal  to  the  spectrum  analyzing  system.  The  required  in¬ 
tensity  of  the  CARS  laser  input,  however,  is  too  great  for  transmission  by 
optical  fibers  (>  100  mW/cm^)  and  larger  discrete  optics  must  be  used. 
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5.  ANALYSIS 

5.1  Wavelength  Spectra.  Flame  spectra  were  taken  at  the  two  combustion 
operating  conditions  of  full  power  (20  MW)  and  half  power  (10  MW).  As 
discussed  previously,  the  emission  originated  from  thermal  radiation  of 
the  combustion  generated  soot  particles.  The  spectral  data  was  taken  over 
a  strip  of  the  entire  combustor  view  corresponding  to  a  magnified  mono- 
chrotor  slit  width;  and  therefore,  were  a  composite  of  many  different 
temperatures  summed  from  different  positions  in  the  burner  and  over  a  period 
of  time  corresponding  to  the  instrument  integration  time.  Since  the  burner 
flame  at  full  power  was  brighter  and  filled  a  greater  portion  of  the  burner 
view  more  of  the  time  than  at  half  power,  one  would  expect  the  spectral 
intensity  at  full  power  to  be  greater  than  at  half  power.  This  was  the 
case,  of  course,  as  can  be  seen  in  Fig.  4.9.  '/hat  was  unexpected,  though, 
was  the  fact  that  the  increase  in  spectral  intensity  was  considerably 
greater  at  the  longer  wavelengths  than  at  the  shorter  wavelengths.  If 
the  emission  temperatures  of  the  particulate  were  the  same  and  the  full 
power  operation  just  had  more  emitting  particles  than  at  half  power,  then 
the  spectra  would  increase  proportionally  at  all  wavelengths.  In  fact, 
though,  there  is  a  wide  temperature  distribution  among  the  particulates: 
and  at  full  power  we  should  detect  a  higher  average  color  temperature  for 
the  spectral  emission.  Tn  this  case  one  would  expect  the  spectral  intensity 
at  shorter  wavelengths  to  increase  more  than  the  longer  wavelengths  when 
the  combustor  operation  goes  from  half  to  full  power.  For  instance,  i f  we 
compare  the  blackbody  (or  gray  body)  emission  at  temperatures  of  1700°C  and 
1500°C  at  a  wavelength  of  1.0  urn,  the  emission  ratio  would  be  2.4.  At  a 
shorter  wavelength  of  0.5  pm  this  emission  ratio  would  increase  to  about  4.8. 

The  change  in  emission  ratios  with  wavelength  can  be  determined  easily 
for  gray  body  emitters.  Planck's  radiation  equation  for  the  spectral 
rad iance ; 


e  Ci 

N  =  -r - - - 

A  \>(ec2/IT_1) 


reduces  to  Wiens'  equation 


c1«rc2,1T/>5 


when  C2/AT  >  5.  Under  this  condition  the  errors  in  neglecting  the  -1  in 
Planck's  equation  will  be  less  than  a  percent.  For  the  temperatures  and 
wavelengths  we  are  dealing  with  Cj/^T  N  5.5  and  we  can  use  Wien's  equation. 
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Consider  the  optical  power  per  unit  wavelength  interval  emitted  at 
the  two  operating  conditions,  10  and  20  MW. 

P20  a  (Cjyi-’)e  ^2 / ^^20 

P10  «  (C1/>5)e"C2^T10 

=  Kexp  [c.,  /  I 

Their  ratio  is  [  -  \Ti()  l20/  J 

y  =  p20/p10  =  K  e|^  (  T10  ^20)j 

where  K  is  a  constant  independent  of  X  and  T.  Since  T.  s  T10*  y  wiH 
decrease  with  increasing  X.  That  is, 


v  c  2 
dX  '{I 


(  T.  "p  )  '  0. 

r10  x20 


The  actual  ratio  of  spectra  at  the  two  power  levels,  shown  in  Fig.  5.1, 
behaves  just  the  opposite  than  expected  from  the  discussion  above,  and 
increases  with  increasing  wavelength.  A  possible  cause  for  the  increase  in 
the  ratio  of  spectra  at  10  and  20  MVf  is  a  wavelength  dependent  absorption 
and  scattering  of  the  radiation  by  intervening  cooler  soot  particles  and/or 
fuel  spray  dropletts.  The  soot  particles  are  considerably  smaller  than  the 
observed  wavelengths  and  would  scatter  in  proportion  to  X~^  (Rayleigh's  law). 
The  larger  fuel  spray  droplets  would  scatter  according  to  Mie  theory.  For 
the  larger  unbumed  fuel  droplets  in  the  10  pm  to  100  pm  size  the  Mie 
scattering  would  be  strongest  in  the  forward  direction,  have  a  total 
extinction  equal  to  about  twice  the  geometrical  droplet  cross  sectional 
area,  and  be  relatively  independent  of  wavelength.  For  smaller  droplets 
or  larger  droplets  that  have  vaporized  to  a  smaller  size  than  about  10  pm, 
the  Mie  scattering  would  become  wavelength  dependent  and  scatter  more 
strongly  at  the  shorter  wavelengths  as  described  by  Foster  (Ref.  16). 

The  radiation  transmitted  to  the  fiberscope  may  then  be  filtered  by 
cooler  intervening  particulates  to  significantly  reduce  the  blue  wave¬ 
lengths  in  relation  to  the  red  wavelengths  as  in  a  sunset.  We  can  infer 
then  that  the  operation  of  the  burner  rig  at  full  power  produces  a  higher 
density  fuel  spray  and  soot  particles  which  more  strongly  filters  the 
shorter  wavelengths  to  reduce  the  increased  emission  at  these  wavelengths. 
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If  the  transmission  function  through  the  particulates  is  given  by: 


Y(X) 


-k/Aa 

e 


whore  k  is  related  to  the  density  of  scatters  and  path  length,  and 
l/X01  the  wavelength  dependence,  the  change  in  spectra  ratio  would  then 
be  given  by: 


This  result  is  positive  if  the  scattering  term  is  greater  than  the 
temperature  dependent  term  and  would  therefore  produce  an  increasing  ratio 
with  increasing  wavelength  as  observed. 

5.2  Flame  Temperature  Measurement.  The  derivation  of  the  exact 
formulation  for  the  emission  from  a  large  volume  of  radiating  soot  particles 
would  require  the  solution  of  the  equation  of  radiative  transfer  in  an 
emitting,  absorbing,  and  scattering  medium.  This  is  a  difficult  problem. 
Besides,  the  exact  conditions  of  the  flame,  such  as  particle  density,  size 
distribution,  and  temperature  distribution,  are  not  completely  known  a 
priori,  and  these  quantities  are  required  for  an  exact  solution.  A 
simplified  formulation  can  be  used  that  requires  empirical  data  in  part 
and  can  give  adequate  results  to  determine  a  mean  temperature  of  a  luminous 
region  of  emitting  soot  particles. 


Assume  we  have  a  distribution  of  radiating  particles  in  the  field-of- 
view  of  the  fiberscope  with  a  mean  cross  sectional  area,  mean  density  and 
mean  temperature.  Between  the  radiiting  particles  and  fiberscope  are  much 
cooler  soot  particles  and  fuel  droplets  that  absorb  and  scatter  the 
radiation  on  its  way  to  the  fiberscope.  If  the  particles  emit  according 
to  Wein's  equation,  the  radiation  incident  in  the  fiberscope  would  be 
given  by 


-C2At.  s 

1(A)  =  Kr(i)»  (A)  Cje  /> 


(1) 


where  K  is  a  geometrical  constant  proportional  to  the  f ield-of-view.  The 
emissivitv  of  the  radiating  particles  is  given  by 
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c(X)  =  1-e 


—  k  /  A  n 


(2) 


Various  values  have  been  reported  for  the  exponent  n  in  the  expression 
for  t(X)  depending  on  the  type  of  burner  and  the  location  of  the  radiation 
from  different  parts  of  the  flame.  Beretta  et  al.  (.loccil),  for  instance, 
measured  a  value  r  =  2.25  in  the  clear  sections  of  their  atmospheric  oil 
burner.  In  the  portions  of  the  flame  that  contained  a  higher  density  of 
soot  particles  the  value  of  n  reduced  to  a  constant  1.5. 

t(\)  in  F.q .  1  represents  the  wavelength  dependent  transmission 
function  for  the  radiation  passing  through  the  zone  of  cooler  scattering 
particles  that  could  include  recirculating  soot  particles  and  vaporizing 
fuel  droplets.  This  function  is  represented  by 


tO) 


-h/X01 

=  e 


The  radiation  from  a  blackbody  source  at  temperature  TQ  incident  on 
the  fiberscope  would  be  given  by 


100)  ■ 


-C2/>T°/»5 


where  KQ  represents  the  geometrical  constant  for  the  measurement. 
The  ratio  of  the  two  spectra  is  given  by 


Y(X) 


.  h  I 

T  ( X )  C  ( X )  e  '  T 


(3) 


We  will  examine  three  cases.  In  case  1  the  region  of  luminous  soot 
particles  is  nearly  optically  dense  so  that  e(X)  'v  1,  and  there  is  no 
wavelength  dependent  scattering  in  the  intervening  space  between  the 
luminosity  and  viewing  system  (i.e.  T  =  constant).  In  this  instance 
Y  increases  with  wavelength  for  temperatures  T  <  T0  and  decreases  with 
wavelength  for  T  >  T0.  Vihen  T  =  T  ,  y  becomes  a  constant  independent  of 
wavelength.  In  this  case  the  mean  temperature  of  the  luminous  region 
would  be  relatively  easily  to  determine  with  an  DMA  system  by  matching 
the  soot  particle  spectra  with  a  blackbody  spectrum  to  give  a  flat  y 
curve. 
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The  second  case,  where  we  have  an  optically  dense  medium  and  a 
wavelength  dependent  transmission  function,  more  nearly  describes  the 
spectra  we  observed  from  behind  Che  fuel  spray  in  the  combustor.  In 
this  case 


(  t  -  ~ 


hP 


Y  =  (K/K0)  e 

The  derrivative  or  slope  of  y  is 


(4) 


dY  = 
dX 


(5) 


If  T  £  TQ  then  y  will  increase  with  wavelength.  When  T  >  TQ,  however, 
the  function  y(A)  can  have  a  maximum  at  a  certain  wavelength.  That  is, 
the  function  turns  over  and  decreases  in  wavelength.  We  have  a  maximum 
when  dy/d\  is  zero.  At  this  condition 


1  _  _1  _  ahp 

T  T0  c2Xa_1 

The  second  derivative  reduces  to 


(y+2 

«(a-l)hP /X 


(6) 


(7) 


at  the  zero  slope  wavelength.  This  wavelength  represents  a  maximum  when 
the  second  derivative  is  less  than  zero.  This  condition  occurs  provided 
a  >  1,  which  is  the  usual  case.  Refering  to  figure  4,9,  we  see  that  the 
spectral  ratio  turns  over  at  temperature  near  1540°C  at  a  wavelength  of 
about  540  um. 

For  the  third  case  we  will  consider  the  emitting  medium  to  be  partially 
transparent,  with  e(X)  given  gy  Eq.  2,  and  the  transmission  function  nearly 
1  for  all  wavelengths.  This  case  would  describe  an  observation  of  the 
combustor  flame  from  the  side  of  the  burner  can  looking  radially  inward. 
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for  instance.  The  spectral  ratio  is  now  given  by 


>  =  (1  ~  e 
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The  derivative  of  Kq. 
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The  derivative  is  always  negative  if  T  >  TQ  and  y  will  decrease  with 
wavelength  in  this  case.  When  T  <  T0  we  have  a  condition  where  the  slope 
can  go  to  zero.  At  the  zero  slope  condition 
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and  the  second  derivative  which  gives  the  curvature  is  given  by 

-k/An 


A, 

d\2 


( 

-  -* 

-k/An 

) 

/  („-d  -  "-k 

1  e  ( 

\ 

(l-e"k/Xn) 

( 

rile  g 

Tn+2  ^k/AnT  <10) 

A  (1-e  ) 


For  an  optically  thin  medium  where  k/An  <<1  i-n  the  wavelength  range  of 
interest,  the  second  derivative  is  greater  than  zero  and  a  minimum  point 
occurs  at  some  wavelength.  This  condition  is  in  contrast  with  case  2 
where  we  had  a  maximum  condition.  When  the  quantity  k/A  ,  which  determines 
the  degree  of  optical  thickness,  is  about  .7  the  second  derivative  is  zero; 
and  for  k/An  >  .7  the  medium  becomes  more  dense  and  we  again  have  a  con¬ 
dition  for  a  maximum  instead  of  a  minimum  in  the  spectral  ratio. 
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The  use  of  an  optical  multichannel  analyzer  with  machine  computation 
would  allow  curve  fitting  of  Kq .  8  with  spectral  data  ratioed  with 
different  blackbody  temperatures.  We  should  then  be  able  to  determine 
a  mean  emission  temperature  from  the  luminous  soot  particles.  The  mean 
temperature  would  be  weighted  to  the  higher  temperature  of  the  distri¬ 
bution  along  the  view.  If  we  are  looking  at  a  hot  streak  of  dense  flame 
the  measured  temperature  would  correspond  nearly  to  the  peak  emission 
temperature  of  the  flame.  On  the  other  hand,  if  the  flame  is  more 
dispersed  and  optically  thin  the  temperature  would  correspond  more 
nearly  to  an  average  along  the  path. 

In  cases  where  we  could  view  a  hot  surface  and  the  intervening 
particulate  emission  was  small  (very  optically  thin)  we  could  measure 
the  surface  temperature.  Care  would  have  to  be  taken  to  account  for 
reflected  radiation  from  the  hotter  flame  emission  not  in  the  field-of- 
view  as  was  done  by  Atkinson  and  Strange  in  Ref.  3. 

5.3  Contour  Plots.  A  strip  containing  12  frames  was  cut  from  the 
high  speed  motion  picture  film  that  was  taken  at  5000  frames/sec.  The 
film  strip  was  taken  to  Pratt  and  Whitney  Aircraft's  image  processing 
laboratory,  and  with  the  use  of  an  Optronics  drum  scanner  and  PDP-11/34 
minicomputer  each  frame  was  digitized  in  a  64  x  64  array.  Both 
logarithmic  and  linear  density  values  were  recorded  for  each  frame. 

The  data  was  placed  on  magnetic  tape  and  then  read  into  the  Research 
Center's  Univac  computer.  A  program  routine  had  been  previously  gen¬ 
erated  that  prints  out  hard  copy  contour  plots  from  the  digitized  data. 
Figures  5.2  through  5.11  show  a  sequence  of  10  frames  from  the  computer 
print  out.  These  figures  were  printed  from  the  linear  density  data 
inverted  as  transmission  intensity.  Five  contour  levels  were  plotted 
corresponding  to  levels  of  3%,  26%,  50%,  74%,  and  97%  of  peak  trans¬ 
mission.  A  particle,  that  appeared  somewhere  in  the  optical  chain, 
has  been  darkened  to  indicate  its  location  in  the  picutre.  In  the  movies 
and  photographs  the  particle  is  quite  conspicuous .  Since  each  frame 
was  not  perfectly  aligned  on  the  drum  scanner,  the  particle  was  an  aid 
in  locating  the  relative  flame  position  from  frame-to-frame .  The 
approximate  location  of  the  center  tube  and  end  of  the  burner  can 
(cf.  Fig.  4.6)  has  been  indicated  on  the  contour  plots  in  each  frame. 

For  illustration  purposes,  in  each  of  the  contour  plots  the  hottest  zone 
(97%  transmitting)  has  been  double  cross  hatched  and  the  second  hottest 
zones  (74%  transmitting)  singly  cross  hatched. 
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CONTOUR  PLOT  FRAME  6 
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In  each  of  the  frames  one  can  observe  the  flame  contour  pattern 
from  the  fuel  nozzle  above  and  just  to  the  left  of  the  center  tube 
and  the  flame  pattern  from  the  nozzle  just  below  the  fiberscope.  The 
time  between  each  frame  is  200  usee,  and  the  exposure  time  per  frame 
is  100  psec.  The  motion  of  the  flame  from  the  upper  nozzle  can  be 
followed  from  f rame-to-f rame  as  it  pinches  into  two  pieces  and  moves 
downward  slightly.  By  frame  6  (Fig.  5.7)  the  upper  flame  has  completed 
its  division,  and  the  severed  piece  travels  down  the  combustor, 
becoming  smaller  in  apparent  size  and  cooling.  The  lower  flame, 
meanwhile  spreads  sideways  in  both  directions  and  cools  in  the  last 
several  frames.  The  lower  flame  consists  of  two  distinct  hot  zones 
in  frame  one.  By  frame  5  the  lower  flame  has  contracted  slightly  and 
shifted  to  the  right.  The  left  hand  hot  zone  in  frame  5  has  cooled 
and  breaks  up  into  three  pieces.  By  frame  8  the  hot  zones  have  further 
broken  up  and  the  flame  has  stretched  further  to  the  right  in  front  of 
the  center  tube.  In  figure  9  the  lower  flame  begins  streaching  to  the 
left  and  a  single  hot  zone  becomes  centered  in  the  pattern.  The 
detailed  motion  of  the  lower  flame  in  particular  appears  somewhat 
irregular.  The  camera  framing  rate  is  not  quite  fast  enough  to 
follow  all  the  flame  developments.  The  overall  flame  motion  around 
and  down  the  combustor  liner  can  be  observed  quite  easily,  however, 
in  the  motion  pictures. 
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6.  CONCLUSIONS  AND  RECOMMENDATIONS 

During  this  program  we  demonstrated  the  feasibility  of  viewing  flame 
patterns  and  their  motions  with  a  small  fiber  optic  probe  in  a  high  pressure 
gas  turbine  combustor.  The  flame  motion  was  recorded  and  reduced  in  speed  over 
200  times  with  high  speed  motion  cameras.  Laser  illumination  of  the  fuel  spray 
from  fibers  included  in  the  same  probe  was  also  demonstrated.  In  addition,  mea¬ 
surements  of  flame  spectra  at  visible  wavelengths  was  examined  and  a  mean  color 
temperature  was  inferred.  Another  diagnostic  method  was  examined  that  measured 
the  flame  motion  frequency.  A  possible  coupling  to  an  acoustic  resonance  was  ob¬ 
served  . 

The  placement  of  the  probe  to  view  downstream  from  behind  the  fuel  nozzles 
may  not  have  been  the  best  choice  for  location.  Especially  when  measuring  flame 
spectra,  the  view  through  the  burning  fuel  spray  and  recirculating  soot  caused 
a  sizeable  wavelength  dependent  transmission  function  and  filtered  the  blue 
part  of  the  spectrum.  With  proper  water  cooling  a  probe  could  be  placed  in 
the  side  of  the  burner  liner,  or  for  special  cases  look  through  a  dilution  hole 
in  the  side  of  the  liner.  An  in/out  actuator  could  also  be  used  to  allow  in¬ 
termittent  viewing  through  the  side  of  the  liner.  The  actuator  could  also  act 
as  a  safety  device  to  withdraw  the  probe  in  case  of  overheating.  For  certain 
measurements  such  as  the  high  speed  motion  pictures  and  flame  spectra,  which 
can  be  taken  in  a  period  of  a  couple  seconds,  the  probe  need  not  remain  in 
the  burner  hot  region  for  a  long  period  of  time  and  intermittent  viewing  would 
be  adequate. 

The  probe  built  under  the  current  program  was  fixed  in  position,  but  had 
a  wide  viewing  angle  (90°)  to  see  as  much  of  the  combustor  as  possible.  If 
the  probe  is  actuated  for  rotation  of  view  then  a  narrow  angle  view  could  be 
used  and  the  combustor  scene  scanned.  A  reduction  of  the  f ield-of-view  (or 
viewing  angle)  improves  the  resolution  but  decreases  the  range  of  focus.  On 
the  current  probe  the  view  remained  in  focus  from  about  2  cm  to  infinity.  If 
the  FOV  is  considerably  narrower,  then  the  range  of  focus  can  be  severely  re¬ 
stricted,  and  in  this  case  an  actuated  focus  adjust  would  be  necessary.  A  more 
ideal  and  elaborate  probe,  then,  would  be  one  that  is  actuated  for  in/out  mo¬ 
tion,  rotation  of  the  view,  and  focus  adjust,  and  have  a  moderate  FOV  so  that 
there  is  a  reasonable  depth  of  field.  For  special  applications  where  you  might 
want  to  look  at  surface  detail  a  narrow  FOV  with  a  fine  focus  adjust  would  be 
required. 

The  reflection  of  light  from  the  surface  of  the  liner  is  diffuse  and 
amounts  to  only  a  few  percent  of  the  incident  light.  Since  film  has  a  small 
dynamic  range,  we  could  not  clearly  photograph  the  linear  surface  in  the  pres¬ 
ence  of  the  bright  luminous  flame.  To  obtain  a  view  of  the  combustor  surface 
the  light  incident  directly  from  the  flame  would  have  to  be  filtered,  blocked, 
or  excluded  from  the  FOV  so  that  a  greater  exposure  can  be  taken  from  the 
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surface  relected  light.  An  additional  liber  optic  illuminator  could  also  be 
used  to  illuminate  the  surface  with  a  laser  or  an  incoherent  source.  An  in¬ 
coherent  source  with  high  intensity  blue  light  from  a  xenon  arc  source  that 
runs  at  a  much  higher  color  temperature  than  the  flame  would  make  a  good 
illuminator,  for  example,  in  the  presence  of  flame  radiation.  A  blue  filter 
could  be  used  at  the  receiver  to  block  most  of  the  flame  radiation.  Laser 
illumination  allows  for  a  convenient  small  design  since  only  a  single  fiber 
is  needed  to  transmit  the  entire  "’beam.  The  laser  produces  both  modal  and 
speckle  interference  patterns,  however,  that  could  make  the  surface  reflection 
more  difficult  to  interpret  in  certain  circumstances. 

In  general,  fiber  optics  allow  optical  data  and  images  ^  ae  taken  and 
transferred  out  of  limited  access  areas  where  it  is  impractical  or  difficult 
to  do  so  with  conventional  optical  components  such  as  relay  lenses,  reflectors, 
telescopes,  etc.  Moreover,  the  fibers  themselves  may  act  as  sensing  elements 
in  special  design  configurations.  One  such  example  is  a  recently  designed  tem¬ 
perature  sensor  that  has  a  short  section  of  fiber  doped  with  rare  earth 
(Ref.  17).  The  application  of  fiber  optic  viewing  devices  to  combustors  will 
be  as  an  aid  to  understanding  their  operation  and  failure  modes,  and  to  help 
in  future  design  considerations  and  changes.  The  viewing  probe  can  determine 
such  things  as:  the  location  and  motion  of  the  flame  or  hot  burning  zone  in 
relation  to  the  combustor  surfaces;  observation  of  the  mixing  of  burning  fuel 
and  turbulent  air;  recirculation  of  the  flame;  development  of  liner  damage; 
accumulation  ot  coking  deposits;  fuel  spray  patterns;  flame  color  temperature 
measurements;  and  combustor  acoustics  that  couple  to  the  l 1 ame  pattern.  With 
additional  probes  to  inject  tocused  laser  beams,  laser  diagnostics  such  as 
LDV  and  particle  scattering  to  determine  soot  and  fuel  spray  velocities  and 
densities  would  be  possible.  Greater  access  would  be  required  for  injection 
of  the  laser  beam  at  larger  angles  to  the  fiberscope  view. 

One  of  the  more  important  uses  of  the  fiberscope  may  be  to  measure  flame 
color  temperature.  The  possibility  of  this  being  done  was  indicated  in 
section  5.2  and  by  Fig.  4.10.  With  the  ability  to  take  rapid  electronically 
scanned  spectra  and  use  fast  electronic  calculations,  the  equation  that 
describes  the  emission  from  a  luminous  soot  flame  could  be  fit  to  a  mean  tem¬ 
perature  in  the  f ield-ol -view  of  the  optical  receiver.  If  a  few  pixels  from 
the  fiberscope  output  or  only  a  single  fiber  probe  is  used,  a  narrow  angle 
view  will  be  defined  and  the  mean  temperature  will  be  taken  along  a  path 
length  extending  outward  in  the  direction  of  view.  The  measured  temperature 
is  weighted  heavily  to  the  higher  temperatures  of  the  distribution  along  the 
path.  if  a  very  hot  region  were  in  tiie  view  the  temperature  would  correspond 
more  closely  to  the  higher  temperatures  of  that  region.  The  application  of 
color  temperature  measurement  with  a  small  optical  fiber  probe  near  the  turbine 
inlet  may  prove  useful  as  a  diagnostic  tool  to  help  measure  temperature  pro¬ 
files  and  possibly  in  the  future  as  an  engine  control.  We  recommend  that  this 
aspect  of  the  program  be  given  the  first  priority  for  further  investigation 


78 


R81-925172-4 


and  a  demonstration  be  arranged  with  a  small  atmospheric  pressure  oil  burning 
flame.  The  demonstration  experiment  would  make  a  comparison  of  the  optical 
fiber  probe  measurement,  a  thermocouple  measurement  over  the  viewing  path, 
and  the  sodium  or  soot  reversal  measurement  technique  (Kurlbaum)  that  has 
been  used  in  the  past  (Ref.  4)  to  measure  flame  temperatures  over  a  path 
length  extending  through  flames.  A  theoretical  analysis  of  the  emissivity 
function  should  also  be  made  to  more  clearly  define  the  measured  temperature 
in  relation  to  the  temperature  distribution  function  and  soot  particle  density. 
At  the  turbine  inlet,  where  the  temperatures  are  cooler  than  the  flame  up¬ 
stream,  scattered  light  from  the  flame  may  also  give  a  small  contribution  to 
the  soot  particle  emission  as  discussed  by  Atkinson  and  Strange  in  Ref.  3 
with  respect  to  reflected  light  when  measuring  surface  temperatures. 

If  infrared  t  ransmi  1 1  ing  f  ibers  became  available  in  the  next  year  the  radi¬ 
ation  from  CO2  and  H2O  vibration  bands  along  with  the  soot  emission  could  be 
measured  over  a  band  of  wavelengths.  In  this  case  the  emitting  zone  would  be 
more  optically  dense  and  consequently  more  blackbody  like.  This  feature  makes 
the  temperature  calculation  easier  and  possible  more  reliable.  At  the  other 
end  of  the  spectrum  a  quartz  fiber  could  be  used  to  transmit  the  uv  banded 
spectra  of  OH.  The  use  of  laser  induced  fluorescence  (LIF)  as  demonstrated 
by  Chan  and  Daily  in  a  methane  burner  (Ref.  12)  could  also  be  investigated 
with  the  use  of  an  additional  uv  laser  illuminating  fiber.  The  difficulty 
ot  applying  LIF  to  a  sooting  flame,  however,  has  not  been  reported. 
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